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GENERATING A RAMP SIGNAL IN RESPONSE TO A

CURRENT THROUGH A RESISTOR, THE RESISTOR
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16002

PROVIDING A CONTROL CURRENT THROUGH A RESISTOR TO
CONTROL ENERGY STORED IN A RAMP CAPACITOR

~ 1602

l 1604
ADJUSTING A VOLTAGE AT ONE END OF THE RESISTOR
l 1606

CONTROLLING THE CONTROL CURRENT TO INDICATE A
VOLTAGE ACROSS AN INDUCTOR BASED ON THE VOLTAGE AT
THE ONE END OF THE RESISTOR

v 1608

GENERATING A RAMP SIGNAL BASED ON THE ENERGY
STORED IN THE RAMP CAPACITOR

v 1610

CONTROLLING THE CURRENT THROUGH THE INDUCTOR
WITHIN A PREDETERMINED RANGE BASED ON THE RAMP
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FIG. 16



US 9,059,632 B2

1
CONTROLLERS FOR DC TO DC
CONVERTERS

RELATED APPLICATION

The present application is a continuation-in-part of U.S.
patent application Ser. No. 12/053,943, filed Mar. 24, 2008,
which itself is a continuation-in-part of U.S. patent applica-
tion Ser. No. 11/468,146, filed Aug. 29, 2006, which itself is
acontinuation of U.S. patent application Ser. No. 11/037,598,
filed Jan. 18, 2005 (now U.S. Pat. No. 7,098,642 issued on
Aug. 29, 2006), which itself is a continuation of U.S. patent
application Ser. No. 10/668,459, filed Sep. 23, 2003 (now
U.S. Pat. No. 6,844,710, issued Jan. 18, 2005), which itself is
continuation-in-part of U.S. patent application Ser. No.
10/389,037, filed Mar. 14,2003 (now U.S. Pat. No. 6,965,221
issued on Nov. 15, 2005), all of which claim the benefit of
U.S. Provisional Application Ser. No. 60/425,553, filed Nov.
12, 2002 and all of which are fully incorporated herein by
reference.

BACKGROUND

A (direct-current to direct-current) DC to DC converter can
include a controller to generate a pulse-width modulation
(PWM) signal to drive a switching circuit, so as to control an
output voltage of the DC to DC converter. For example, the
controller can increase the output voltage by increasing the
duty cycle of the PWM signal, or decrease the output voltage
by decreasing the duty cycle of the PWM signal.

A conventional controller 150 for the DC to DC converter
is illustrated in FIG. 1A. The controller 150 includes an
oscillator 152, a comparator 154, an operational transconduc-
tance amplifier (OTA) 156, and a capacitor 158. The oscillator
152 provides an oscillating voltage 160 to a non-inverting
input terminal of the comparator 154. A reference voltage 162
on the capacitor 158 is provided to an inverting input terminal
of the comparator 154. The comparator 154 compares the
oscillating voltage 160 with the reference voltage 162 and
outputs a PWM signal 168 according to the comparison. The
reference voltage 162 is within a range between a maximum
level and a minimum level of the oscillating voltage 160. If
the reference voltage 162 increases, the duty cycle of the
PWM signal 168 decreases, and thus the output voltage of the
DC to DC converter decreases. If the reference voltage 162
decreases, the duty cycle of the PWM signal 168 increases,
and thus the output voltage increases.

The OTA 156 receives a predetermined voltage 166 and a
feedback voltage 164 indicative of the output voltage of the
DC to DC converter, and provides a control current [,,»
proportional to the difference between the predetermined
voltage 166 and the feedback voltage 164. The output termi-
nal of the OTA 156 is coupled to the capacitor 158, such that
the control current 1., can control the reference voltage
162 onthe capacitor 158. For example, ifthe feedback voltage
164 is greater than the predetermined voltage 166, the OTA
156 can output the control current I -, to charge the capaci-
tor 158 in order to increase the reference voltage 162. Thus,
the output voltage decreases. If the feedback voltage 164 is
less than the predetermined voltage 166, the OTA 156 can
absorb the control current I, from the capacitor 158 in
order to reduce the reference voltage 162. Thus, the output
voltage can increase. As a result, the output voltage of the DC
to DC converter can be adjusted to a desired level determined
by the predetermined voltage 166.

However, in the conventional controller 150, the power
consumption of the oscillator 152 can be relatively high. In
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addition, the capacitor 158 may not be integrated together
with the comparator 154 and the OTA 156 into a single chip
because of the large size of the capacitor 158. Furthermore,
the bandwidth of the OTA 156 may be too narrow that the
response time of the OTA 156 is delayed. Therefore, the
controller 150 may not control the output voltage accurately.

SUMMARY

In one embodiment, a controller includes a ramp signal
generator and control circuitry coupled to the ramp signal
generator. The ramp signal generator can provide a control
current through a resistive component to control energy
stored in a first energy storage component. The ramp signal
generator can further generate a ramp signal based on the
energy stored in the first energy storage component. The
control circuitry can adjust a voltage at one end of the resistive
component thereby controlling the control current to indicate
a voltage across a second energy storage component. The
control circuitry can further control a current through the
second energy storage component within a predetermined
range based on the ramp signal.

BRIEF DESCRIPTION OF THE DRAWINGS

Features and advantages of embodiments of the claimed
subject matter will become apparent as the following detailed
description proceeds, and upon reference to the drawings,
wherein like numerals depict like parts, and in which:

FIG. 1A illustrates a controller for a DC to DC converter, in
accordance with the prior art.

FIG. 1 illustrates a block diagram of an example of'a DC to
DC converter that includes a feedback path for providing
switch state to a controller, in accordance with one embodi-
ment of the present invention.

FIG. 2 includes a table illustrating examples of the states of
the switches shown in FIG. 1 in response to two control
signals.

FIG. 3 illustrates a block diagram of an example of the
controller shown in FIG. 1.

FIG. 4 illustrates a timing diagram of examples of signals
associated with the controller shown in FIG. 3.

FIG. 5 illustrates a block diagram of an example of the
controller shown in FIG. 1.

FIG. 6 illustrates a timing diagram of examples of signals
associated with the controller shown in FIG. 5.

FIG. 7 illustrates a block diagram of an example of a
controller, in accordance with one embodiment of the present
invention.

FIG. 8 illustrates a timing diagram of examples of signals
associated with the controller shown in FIG. 7.

FIG. 9 illustrates a flowchart of examples of operations
performed by the controller shown in FIG. 1.

FIG. 10A illustrates a block diagram of an example of a DC
to DC converter, in accordance with one embodiment of the
present invention.

FIG. 10B illustrates a block diagram of an example ofa DC
to DC converter, in accordance with one embodiment of the
present invention.

FIG. 11 includes a table illustrating examples of states of a
high-side switch and a low-side switch in response to two
control signals, in accordance with one embodiment of the
present invention.

FIG. 12 illustrates a circuit diagram of an example of a DC
to DC converter, in accordance with one embodiment of the
present invention.
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FIG. 13 illustrates a timing diagram of examples of signals
associated with the DC to DC converter shown in FIG. 12.

FIG. 14 illustrates a circuit diagram of an example of a DC
to DC converter, in accordance with one embodiment of the
present invention.

FIG. 15 illustrates a timing diagram of examples of signals
associated with the DC to DC converter shown in FIG. 14.

FIG. 16 illustrates a flowchart of examples of operations
preformed by a controller in a DC to DC converter, in accor-
dance with one embodiment of the present invention.

DETAILED DESCRIPTION

Reference will now be made in detail to the embodiments
of'the present invention. While the invention will be described
in conjunction with these embodiments, it will be understood
that they are not intended to limit the invention to these
embodiments. On the contrary, the invention is intended to
cover alternatives, modifications and equivalents, which may
be included within the spirit and scope of the invention as
defined by the appended claims.

Furthermore, in the following detailed description of the
present invention, numerous specific details are set forth in
order to provide a thorough understanding of the present
invention. However, it will be recognized by one of ordinary
skill in the art that the present invention may be practiced
without these specific details. In other instances, well known
methods, procedures, components, and circuits have not been
described in detail as not to unnecessarily obscure aspects of
the present invention.

Embodiments of the present invention provide DC to DC
converters, e.g., buck converters, boost converters, etc., and
controllers for controlling the DC to DC converters. Advan-
tageously, an output current of the DC to DC converter can
have a constant ripple magnitude such that the output current
and output voltage of the DC to DC converter can be relatively
stable. The controller can control the output of the DC to DC
converter more accurately. In addition, the oscillator 152 with
relatively high power consumption, the capacitor 158 with
relatively large size, and the OTA 156 with a relatively narrow
bandwidth can be omitted.

Referring to FIG. 1, an example of a DC to DC converter
100 is shown that may include controller circuitry 102, driver
circuitry 104, switching circuitry 106 and energy storage
circuitry (or output circuitry, or a low pass filter) 108. In
general, the controller circuitry 102 may generate one or more
control signals that may be provided to the driver circuitry
104. For example, the controller circuitry 102 may produce a
pulse-width modulation (PWM) signal to control the switch-
ing circuitry 106. A pair of switches may be included in the
switching circuitry 106. In particular, a high-side switch Q,
110 and a low-side switch QQ, 112 may respectively receive
control signals from the driver circuitry 104 and provide a
signal to the energy storage circuitry 108 for producing an
output voltage V 5, In general, the driver circuitry 104 may
control the switches 110 and 112 such that each of the
switches 110 and 112 may be alternatively placed in an “ON”
and “OFF” position. In particular, one or more PWM signals
provided by the controller circuitry 102 may control the states
of the high-side and low-side switches 110 and 112 by vary-
ing the duty cycle of the PWM signal.

In this embodiment, if the PWM signal is logic high, the
high-side switch 110 is placed in the ON position and the
low-side switch 112 is placed in the OFF position. This situ-
ation is referred to as a “switch ON” state or a “TON_BUCK”
state. In such a situation, an inductor 114 included in the
output circuitry 108 may be connected to an input voltage
labeled V 5, by way of the high-side switch 110. Accordingly,
the current flowing through inductor 114 may increase and
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charge may be stored in a capacitor 116 also included in
output circuitry 108. In the example of FIG. 1, the DC to DC
converter 100 can be a buck converter. Thus, the input voltage
Vymay be larger than the output voltage V . -and a positive
voltage may be present across the inductor 114. An inductor
current I, , through the inductor 114 can increase, and mag-
netic field energy can be stored in the inductor 114. If the
PWM signal is logic low, the high-side switch 110 may be in
the OFF position and the low-side switch 112 may be in the
ON position. This state of the switches 110 and 112 may be
referred to as a “switch OFF” state or a “TOFF_BUCK?” state.
In this situation, a negative voltage may be present across the
inductor 114. Accordingly, the magnetic field energy stored
by the inductor 114 may collapse and may provide the output
voltage V o racross the capacitor 116. Thus, the output volt-
age V 5,7 may be provided based on the duty cycle of the
PWM signal provided by the controller circuitry 102. The
controller circuitry 102 may also provide an enable signal,
e.g., alow-side-switch enable (LDR_EN) signal, to the driver
circuitry 104. In this arrangement, the LDR_EN signal is
provided from a port labeled “EN” and may also control the
state of the high-side switch 110 and the low-side switch 112.

In this embodiment, to produce the PWM signal and the
LDR_EN signal, two voltage feedback signals may be pro-
vided to the controller circuitry 102. In particular, the output
voltage (V o;,7) may be provided over a path 120 into a port
labeled “VFB”. Additionally, the voltage present on one side
of'the inductor 114 may be provided over another path 118 to
control the circuitry 102 via a port labeled “LX”. The feed-
back signal provided by the path 118 may be used to deter-
mine the state of the high-side switch 110 and the low-side
switch 112. Components may be used for setting parameters
associated with the controller circuitry 102. For example, a
resistor 128 and a resistor 124 along with a capacitor 126 may
be connected to the controller circuitry 102 for setting param-
eters such as a reference voltage and a reference current
and/or a reference voltage slew rate.

FIG. 2 includes a table 200 that illustrates the possible
positions of switches 110 and 112 depending upon the logic
level of the LDR_EN signal and the PWM signal provided by
the controller circuitry 102. Additionally, a state may be
defined by the positions of the switches 110 and 112. For
example, if the switch 110 is on and the switch 112 is off (e.g.,
LDR_EN signal=1 and PWM signal=1), a “TON_BUCK”
state (or a “switch ON” state) is defined. In the TON_BUCK
state, the inductor 114 is connected to the input voltage V ..
If the switch 110 is off and the switch 112 is on (e.g.,
LDR_EN signal=1 and PWM signal=0), a “TOFF_BUCK”
state (or a “switch OFF” state) is defined. In the TOFF_
BUCK state, the inductor 114 is connected to the ground
potential. A “SKIP” state is defined when both ofthe switches
110 and 112 are off (e.g., LDR_EN signal=0 and PWM
signal=0). Since both of the switches 110 and 112 are off
during the SKIP state, the inductor 114 is floating (i.e., not
connected to the source voltage or ground). Thus, the inductor
114 may be connected to the input voltage V., in the TON_
BUCK state, connected to a ground potential in the TOFF_
BUCK state, or floating during the SKIP state.

In the TON_BUCK state, the voltage across the inductor
114 may be substantially equivalent to V,~V 5. For buck
conversions, the input voltage V,,, may be larger than the
output voltage V . -and a net positive voltage may be across
the inductor 114. Due to the net positive voltage, an inductor
current I, flowing through the inductor 114 ramps up accord-
ing to:

Al /d=(Vin-Vour/L=Al /Ton (6]
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In equation (1), V,,, may be the input voltage to DC to DC
converter 100, V.~ may be the output voltage of the DC to
DC converter 100, T, may be the time interval duration
which the switches 110 and 112 are in the TON_BUCK state,
L may be the inductance of the inductor 114, and Al , may be
the change in the inductor current I, ; during the TON_BUCK
state.

During the TOFF_BUCK state, the voltage across the
inductor 114 may be equal to the output voltage V . How-
ever, the polarity of the voltage across the inductor 114 may
reverse, and the inductor current I, ramps down according
to:

alp/dr=-(Voun/L=Aly /Torr. ()]

In equation (2), T,z can represent the time interval duration
that the switches 110 and 112 are in the TOFF_BUCK state,
and Al; | may be the change in the inductor current I, during
the TOFF_BUCK state.

Turning to FIG. 3, a block diagram of one embodiment of
a converter 100A including a controller 102A consistent with
the converter 100 of FIG. 1 is illustrated. The controller 102A
may be utilized with a variety of DC to DC converters 100A.
For example, the DC to DC converter 100A may comprise a
synchronous buck converter generally including the control-
ler 102A, a driver circuit 104, a pair of switches 106 including
a high-side switch 110 and a low-side switch 112, and a low
pass filter 108. The low pass filter 108 may include an induc-
tor 114 and a capacitor 116. The high-side switch 110 may be
coupled between an input DC voltage V,,, and a switching
node L.X 122. The low-side switch 112 may be coupled
between the switching node [.X 122 and ground. The switch-
ing node [.X 122 may further be coupled to the low pass filter
108.

The controller 102A may comprise pulse-width modula-
tion circuitry 352 configured to generate a pulse-width modu-
lation (PWM) signal and a low-side switch enable (LDR_EN)
signal. In response to the PWM and LDR_EN signals, the
driver circuit 104 may control the state of the high-side and
low-side switches 110 and 112.

The controller 102A may receive an input signal represen-
tative of the voltage level at the switching node X 122. The
controller 102A may also have a target input terminal SLEW
where the desired output voltage is set (e.g., Vgz7). For
example, in the example of FIG. 1, the slew capacitor 126
may be charged based on the value of the resistors 128, 124 in
the resistor divider and the value of the reference voltage REF.
Those skilled in the art will recognize various ways to charge
the slew capacitor 126 and create the target voltage signal. In
addition, the terminal VFB of the controller 102A may
receive a feedback signal representative of the output voltage
V oo 0f the DC to DC converter 100A.

The controller 102A as illustrated in FIG. 3 may include a
resistor 320 that may be coupled to the switching node L.X
122 of the DC to DC converter 100A. A current through the
resistor 320 may be responsive to a state of the high-side and
low-side switches 110 and 112, e.g., the TON_BUCK state,
the TOFF_BUCK state, or the SKIP state. The controller
102A may further include ramp generation circuitry 350
responsive to the current through the resistor 320 to provide a
ramp signal 312. The pulse-width modulation circuitry 352
may be configured to generate a PWM signal in response to at
least the ramp signal 312.

During the TON_BUCK state when the switch 110 is ON
and the switch 112 is OFF, the voltage level of the LX switch-
ing node 122 may be equal to V,,,since switch 110 is ON and
the LX switch node 122 is coupled to V. Accordingly, the
current passing through the resistor 320 may be equal to the

10

15

20

25

30

35

40

45

50

55

60

65

6

input voltage V,; of the DC to DC converter 100A less the
output voltage V ,; -0f the DC to DC converter 100A divided
by a resistance value of the resistor 320. In response to this
current through the resistor 320, the ramp generation circuitry
350 may generate a portion, e.g., an increasing portion, of the
ramp signal 312 as will be discussed more in FIG. 4.

During the TOFF_BUCK state when the switch 110 is OFF
and the switch 112 Q2 is ON, the voltage level of the L.X
switching node 122 may be equal to zero volts since the LX
switching node 122 may be coupled to ground via the low-
side switch 112. Accordingly, the current passing through the
resistor 320 may be equal to zero volts less the output voltage
V oorofthe DCto DC converter 100A divided by a resistance
value of the resistor 320. In response to this current through
the resistor 320, the ramp generation circuitry 350 may gen-
erate another portion, e.g., a decreasing portion, of the ramp
signal 312 as will be discussed more in FIG. 4.

During the SKIP state (e.g., when the switch 110 is OFF
and the switch 112 is OFF), the voltage level of the LX
switching node 122 may be equal to the output voltage V 5,1
of the DC to DC converter 100A. Accordingly, the current
passing through the resistor 320 may be equal to zero in the
SKIP state since the voltage level at the X switching node
122 (forexample, V 5, 7) less the output voltage V . -divided
by a resistance value of the resistor 320 may be zero. In
response to this current through the resistor 320, the ramp
generation circuitry 350 may generate another portion, e.g., a
substantially constant portion, of the ramp signal 312 as will
be discussed more in FIG. 4.

The ramp generation circuitry 350 may include a buffer
351 and a current-controlled current source 324. The buffer
351 may have its inverting input coupled to the output of the
buffer 351 to provide negative feedback. The voltage received
at the non-inverting input terminal of the buffer 351 may be a
voltage representative of the output voltage of the DC to DC
converter 100A such as Vg or V 5.7 The output voltage of
the buffer 351 may therefore closely follow the input voltage
Vszr o V o7 input to the non-inverting input. The current-
controlled current source 324 may be responsive to the input
current [_in through the resistor 320 as that the input current
1_in varies depending on the state of switches 110 and 112.
The current-controlled current source 324 may provide an
output current I_out that mirrors the input current I_in. In one
embodiment, the current-controlled current source 324
includes, but is not limited to, a current mirror. The output
current I_out may enable charging and discharging of the
ramp capacitor 308 in order to provide the ramp signal 312 to
the first and second comparators 301 and 302 of the pulse-
width modulation circuitry 352.

The first comparator 301 may compare the ramp signal 312
with a nominal voltage value V2. In one embodiment, the
nominal voltage value V2 may be 20 millivolts. The first
comparator 301 may provide an output signal RAW_[.-
DR_EN that may be received by the NAND gate 311. The
NAND gate 311 may also receive a SKIP signal and provide
an output LDR_EN signal to the driver circuitry 104. The
second comparator 302 may compare the ramp signal 312
with a reference voltage REF and provide an output signal to
the reset terminal R of the flip flop 342. The “Q” output of the
flip flop 342 may provide a PWM signal to the driver 104.

The duty cycle of the PWM signal may be inversely pro-
portional to the difference between the input voltage and the
output voltage or the target voltage. In other words, as this
difference increases, the duty cycle of the PWM signal may
decrease thereby decreasing a TON_BUCK time of the
switches 110 and 112. Conversely, as the difference between
decreases, the duty cycle of the PWM signal may increase
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thereby decreasing a TOFF_BUCK time of the switches 110
and 112. In one embodiment, the TON_BUCK time, e.g.,
Tons of the switches 110 and 112 can be inversely propor-
tional to the difference between the voltages V,,and Vo 7
e.g., Vi—Vour or the difference between the voltages V
and Vzr, e.8., Vo~V oz As such, the current change Al ; of
the inductor current I, can be constant during each TON_
BUCK state. In addition, the TOFF_BUCK time, e.g., T oz,
of the switches 110 and 112 can be inversely proportional to
the voltage V 5+ or the voltage V... As such, the current
change Al during each TOFF_BUCK state can be constant.
In one embodiment, the current change Al;, during each
TON_BUCK state and the current change Al;, during each
TOFF_BUCK state can be the same. In other words, the
controller 102A can be a CRC (constant-ripple-current) con-
troller to control the inductor current I, to have a constant
ripple magnitude.

Turning to FIG. 4 in conjunction with FIG. 3 and FIG. 1, a
timing diagram 400 to further illustrate operation of the con-
troller 102A of FIG. 3 including generation of the ramp signal
312 is illustrated. When the controller 102A is enabled, the
SLEW voltage (at the SLEW terminal shown in FIG. 1 and
FIG. 3) may start to increase. At the moment, the feedback
voltage VFB representative of the output voltage V ;. may
be zero volts. The comparator 302 of FIG. 3 may then sense
that the SLEW voltage is greater than the feedback voltage
VFB and may provide a digital one signal to the AND gate
322. The output of the first comparator 301 (e.g., the RAW_
LDR_EN signal) may also be a digital one at this time.
Accordingly, all inputs to the AND gate 322 may be digital
one and the output of the AND gate 322 may then set the flip
flop 342. At that moment, the PWM signal may go to a digital
one. The high-side switch 110 can be turned on, therefore the
output voltage V5, and the feedback voltage VFB start to
increase. In one embodiment, when the SLEW voltage
increases to a preset level, e.g., the level of the target voltage
Vg7 the SLEW voltage can remain constant.

During the time interval between times t1 and t2, the PWM
signal shown in plot 403 may be a digital one and the
LDR_EN signal shown in plot 404 may also be a digital one.
Hence the high-side switch 110 and the low-side switch 112
are in the TON_BUCK state with the switch 110 ON and the
switch 112 OFF. Accordingly, as shown in plot 405, the
voltage level at the LX switching node 122 may be equal to
Vv between times t1 and t2 since the LX switching node 122
may be tied to the input voltage V,,0f the DC to DC converter
100A during this time interval.

The current I_in through the resistor 320 during this t1 to t2
time interval may be provided by equation (3):

Lin=(Vin-Vour)/R1; 3

where V,,may be the input voltage of the DC to DC converter
100A, V. may be the output voltage of the DC to DC
converter 100A, and R1 is the resistance of the resistor 320 of
FIG. 3. If K=1/R1, then equation (3) may be rewritten as
detailed in equation (4):

Lin=K*(Vin-Vour- (©)]

Since I_out mirrors I_in, I_out may also be equal to I_in as
detailed in equations (3) and (4) and as illustrated by plot 406.
During the time interval between times t1 and t2, the ramp
signal 312 may ramp up in proportion to the I_out signal as
shown by plot 407. The ramp signal 312 may ramp up until it
reaches the reference voltage REF input to the inverting input
terminal of the second comparator 302. When the ramp signal
312 reaches the REF level at time t2, the output of the second
comparator 302 may reset the flip flop 342.
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When the flip flop 342 is reset at time t2, the Q output of the
flip flop 342 may become a digital zero and hence the PWM
signal shown in plot 403 may be a digital zero. The RAW_1.-
DR_EN signal (shown in plot 402) from the first comparator
301 may be a digital zero so the output of the NAND gate 311
(e.g., the LDR_EN signal shown in plot 404) may be a digital
one. Accordingly, the switches 110 and 112 may be in the
TOFF_BUCK state between time intervals t2 and t3 with the
high-side switch 110 OFF and the low-side switch 112 ON.
When switches 110 and 112 are in this TOFF_BUCK state,
the voltage level at the LX switching node 122 may be equal
to zero volts as detailed by plot 405 since the LX switching
node 122 may be coupled to ground via the low-side switch
112.

The current I_in in plot 406 through the resistor 320 during
the time interval between times t2 and t3 may be given by
equation (5):

Lin=(0-V p,p)/R1. )

It K=1/R1, then equation (5) may be rewritten as detailed in
equation (6):

Lin=K*Vpr.

Q)

Since I_out mirrors I_in, I_out may also be equal to I_in as
detailed in equations (5) and (6) and as illustrated by plot 406.
During the time interval between times t2 and t3, the ramp
signal 312 may ramp down in proportion to the I_out signal as
shown in plot 406. The ramp signal 312 may ramp down until
it reaches the voltage level V2 input to the non-inverting input
terminal ofthe first comparator 301. Attime t3 when the ramp
signal 312 reaches voltage level V2, the output of the first
comparator 301 (e.g., RAW_LDR_EN) may go to a digital
one. When the ramp signal 312 reaches the V2 voltage level at
time t3, the inductor current I, as represented by plot 408 in
FIG. 4 may be at a zero crossing. As such, the controller 102A
may provide a zero crossing estimator of the inductor current
1, , through the inductor 114 without directly measuring such
current.

Ifthe SKIP signal is also a digital one at time t3 (e.g., so that
the SKIP state is enabled), the output, e.g., the LDR_EN
signal in plot 404, of the NAND gate 311 may be a digital
zero. Accordingly, between times t3 and t4 the controller
102 A may be in the SKIP state. In response to the digital zero
PWM signal shown in plot 403 and the digital zero LDR_EN
signal shown in plot 404, both switches 110 and 112 may be
off in the SKIP state. In one embodiment, the SKIP state may
occur if the feedback voltage VFB is greater than the SLEW
voltage when the ramp signal 312 reaches the V2 voltage
level. However, if the feedback voltage VFB is less than or
equal to the SLEW voltage when the ramp signal 312 reaches
the V2 voltage level, the AND gate 322 can set the flip flop
342 to output a digital-one PWM signal. In other words, if the
feedback voltage VFB is less than or equal to the SLEW
voltage when the ramp signal 312 reaches the V2 voltage
level, TON_BUCK state occurs and there is no SKIP state.

Accordingly, the voltage (shown in plot 405) at the LX
switching node 122 as illustrated may be equal to the output
voltage V 5. of the DC to DC converter 100A during the
SKIP state when switches 110 and 112 are OFF. In addition,
the current I_in passing through the resistor 320 and the
current I_out in plot 406 may be equal to zero in the SKIP
state since the voltage level at the LX switching node 122 less
the output voltage V . divided by a resistance value of the
resistor 320 is zero.

When the SKIP state is enabled, the controller 102A may
keep the switches 110 and 112 in the SKIP state until the
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output voltage V. of the DC to DC converter 100A as
represented by VEB {falls below a set voltage level (e.g., the
SLEW voltage).

During the t1 to t2 time interval, the feedback voltage VFB
may increase at a positive slope when the switch 110 is ON
and the switch 112 is OFF. During the t2 to t3 time interval,
when the switch 110 is OFF and the switch 112 is ON, the
feedback voltage VFB may decay until it reaches SLEW at
time t4. During the t3 to t4 time interval, the switches 110 and
112 are off. The feedback voltage VFB may decrease faster
than during the t2 to t3 time interval. At time t4, the output of
the third comparator 303 may go to a digital one. The digital
one from the third comparator 303 and from the first com-
parator 301 may cause the output of the AND gate 322 to go
to a digital one to set the flip flop 342 and hence cause the
PWM signal in plot 403 to go to a digital one. The process
may then repeat itself as illustrated in the timing diagram 400
for times t4 to t6. The rate of decay of the feedback voltage
VFB shown in plot 401 during the t3 to t4 time interval may
depend on the load current. For example, the rate of decay
may be slower for a light load current than for a comparatively
larger load current. Therefore, the controller 102A may main-
tain the SKIP state for a longer time for a light load current
than for the comparatively larger load current.

Turning back to FIG. 3, a switch 372 may be turned on to
affect the slope of the ramp signal 312 during certain time
intervals, e.g., during time the t2 to t3 time interval or the t5 to
t6 time interval, to shorten the duration of the TOFF_BUCK
state. The switch 372 may be controlled by the output of the
AND gate 323 and the switch 372 may be turned on when
both inputs to the AND gate 323 are digital one. This may
occur when the VFB voltage is less than the SLEW voltage so
that the output of the third comparator 303 is a digital one and
the “QB” terminal output of the flip flop 342 is a digital one.
In other words, if the VFB voltage decreases to the SLEW
voltage before the ramp signal 312 decreases to the voltage
level V2, the switch 372 can be turned on. When the switch
372 is on, the duration of the TOFF_BUCK state may be
shortened compared to its duration if the switch 372 was off.
This may occur since the negative slope of the ramp signal
312 during the TOFF_BUCK state, e.g., during the t2 to t3
time interval, may be further decreased compared to its slope
if the switch 372 was turned off. More specifically, during the
TOFF_BUCK state, if the switch 372 is on, the current I_in
that flows from the output terminal of the buffer 351 can
increase since an extra current can flow through a resistor 373
to ground. Thus, the discharging current I_out increases, and
the time for the ramp signal 312 to decrease from the voltage
level REF to the voltage level V2 also decreases. In other
words, the duration of the TOFF_BUCK state can be short-
ened. The rate of the accelerated TOFF_BUCK state may be
selected by the choice of the resistor 373. The controller 102A
may also not include the switch 372, the resistor 373, and the
AND gate 323 if this accelerated TOFF_BUCK time feature
is not desired.

According to the example of FIG. 3, during a TON_BUCK
state, the flowing equation can be obtained:

AV o/dt=I_out/C1=AV;,»/ T, (7a)

where V,, , represents a voltage level of the ramp signal 312,
C1 represents the capacitance of the ramp capacitor 308, and
AV, represents the change in the voltage level V5, , during
the TON_BUCK state. Since the current [_in can be equal to
the current [_out, equation (7a) is rewritten as:

Lin/C1=AV; 5/ Ty (7b)
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Based on equations (1), (4) and (7b), the flowing equation is
obtained:

AL =(AV3 1, *CH/(K*L). ®

During each TON_BUCK state, the voltage change AV, in
equation (8) can be constant, e.g., equal to the voltage level
REF minus the voltage level V2. Therefore, the current
change Al,, can also be constant. Similarly, during a TOFF_
BUCK state, the flowing equation can be obtained:

AV 1o/dt=I_ont/C1=AV s,/ T, (92)

where AV, , represents the change in the voltage level V3,
during the TOFF_BUCK state. Equation (9a) is rewritten as:

Lin/C1=AV 5/ Ty (9b)

Based on equations (2), (6) and (9b), the flowing equation is
obtained:

AL (=(AV3,*C1)/(K*L).

During each TOFF_BUCK state, the voltage change AV, |, in
equation (10) can be constant, e.g., equal to the voltage level
V2 minus the voltage level REF. Therefore, the current
change Al can also be constant. Since the amount of the
voltage change AV, during each of the TON_BUCK and
TOFF_BUCK states can be the same, the amount of the
current change Al;, during each of the TON_BUCK and
TOFF_BUCK states can be the same. In other words, the
controller 102A can be a CRC controller that controls the
inductor current I, to have a constant ripple magnitude.

In one embodiment, by using the comparator 303, the AND
gate 322, the AND gate 323, the flip flop 342, the switch 372,
and the resistor 373, the controller 102A can adjust an average
voltage V ;. of the output voltage V . to the target voltage
Vszr at the SLEW terminal. Specifically, during a TOFF_
BUCK state, if the feedback voltage VFB is greater than the
SLEW voltage when the ramp signal 312 decreases to the
voltage level V2, the average voltage V ;- can be greater than
the target voltage V., In such a situation, the comparator
303 can output a digital zero to maintain the PWM signal
digital zero, e.g., via the AND gate 322 and the flip flop 342,
until the feedback voltage VFB decreases to the SLEW volt-
age. Therefore, the duration of the TOFF_BUCK state can
increase, so as to reduce the duty cycle of the PWM signal. As
such, the average voltage V ;- can decrease. If the feedback
voltage VFB decreases to the SLEW voltage before the ramp
signal 312 decreases to the voltage level V2, the average
voltage V . can be less than the target voltage V¢, In such
a situation, the comparator 303 can output a digital one to the
AND gate 323, and to turn on the switch 372. The duration of
the TOFF_BUCK state therefore can decrease, so as to
increase the duty cycle of the PWM signal. As such, the
average voltage V ;.- can increase. As a result, the average
voltage V ;- is adjusted to the target voltage Vo4

FIG. 5 shows another embodiment of a controller 102B
consistent with FIG. 1. The description of parts in FIG. 5 that
may be similar to FIG. 3 is omitted herein for clarity. The
controller 102B may include a resistor 520 coupled to the
switching node 122 of the DC to DC converter 100B. The
controller 102B may include ramp generation circuitry 550
responsive to the current through the resistor 520 to provide a
ramp signal 512. The controller 102B may further include
pulse-width modulation circuitry 552 configured to generate
a PWM signal in response to at least the ramp signal 512.

The ramp generation circuitry 550 may include a ramp
capacitor 508 coupled in series with the resistor 520 via the
path 509. The operational amplifier 551 may have its invert-
ing input coupled to node 506 and its non-inverting input

(10)
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configured to receive a voltage representative of the output
voltage of the DC to DC converter 100B, e.g., VzrorV
The operational amplifier 551 may function as an integrator.
Ifthe non-inverting input terminal receives V ., the voltage
level at node 506 at one end of the resistor 520 may also be
equal to V 5,7 The current that flows through the resistor 520
may also flow through the ramp capacitor 508 to charge or
discharge the ramp capacitor 508, so as to control the ramp
signal 512.

The ramp signal 512 may be provided to the non-inverting
input terminal of the first comparator 501 and the inverting
input terminal of the second comparator 502. The voltage
level V2 may be provided to the inverting input terminal of the
first comparator 501. The REF voltage may be provided to the
non-inverting input terminal of the second comparator 502. In
one embodiment, REF may be 0.01 volts and V2 may be 2.5
volts.

Turning to FIG. 6 in conjunction with FIG. 5, a timing
diagram 600 to further illustrate operation of the controller
102B of FIG. 5 including generation of the ramp signal 512 is
illustrated. During the time interval between times t1 and t2,
the PWM signal shown in plot 601 is a digital one and the
LDR_EN signal shown in plot 602 is also a digital one. Hence
the high-side switch 110 is ON and the low-side switch 112 is
OFF. The voltage level at the LX switching node 122 (as
shown in plot 603) may be equal to V,, between times t1 and
12 since the LX switching node 122 is tied to the input voltage
Vn-ofthe DC to DC converter 100B during this time interval.
The current I_in shown in plot 604 through the resistor 520
during the t1 to t2 time interval and also through the ramp
capacitor 508 [I(C1)] may be given by equations (3) and (4).
Inresponse to this current through the ramp capacitor 508, the
ramp signal 512 in plot 605 may ramp down during the time
interval between times t1 and t2. During times t1 and t2, the
ramp signal 512 may have a negative slope because the cur-
rent [_inin plot 604 may pass through the ramp capacitor 508
by way of the operational amplifier 551. The ramp signal 512
may therefore be inverted in comparison to ramp signal 312 of
FIG. 4. Moreover, the polarity arrangement of the ramp
capacitor 508 that provides the ramp signal 512 may be oppo-
site of that of the ramp capacitor 308 that provides the ramp
signal 312.

The ramp signal 512 may ramp down until it reaches the
reference voltage REF input to the non-inverting input termi-
nal of the second comparator 502. When the ramp signal 512
reaches the REF level at time t2, the output of the second
comparator 502 may reset the flip flop 542 of FIG. 5. When
the flip flop 542 is reset at time t2, the Q output of the flip flop
542 may become a digital zero and hence the PWM signal in
plot 601 may be a digital zero. The RAW_LDR_EN signal
shown in plot 606 output of the first comparator 501 may be
a digital zero during the t2 to t3 time interval so the output of
the NAND gate 511 of FIG. 5 (e.g., the LDR_EN signal in
plot 602) may be a digital one. Accordingly, the switches 110
and 112 may be in a TOFF_BUCK state during the 12 to t3
time interval with the high-side switch 110 OFF and the
low-side switch 112 ON. When the switches 110 and 112 are
in this TOFF_BUCK state, the voltage level at the LX switch-
ing node 122 (as shown in plot 603) may be equal to 0 since
the LX switching node 122 may be coupled to ground via the
low-side switch 112.

The current I_in in plot 604 through the resistor 520 and
through the ramp capacitor 508 [I(C1)] during the t2 to t3 time
interval may be given by equations (5) and (6). In response,
the ramp signal 512 may ramp up in proportionto the I_in and
I(C1) currentuntil it reaches the V2 level at time t3. At time t3,
the output of the first comparator 501 (e.g., RAW_LDR_EN
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in plot 606) may go to a digital one. If the SKIP signal is also
adigital one (e.g., so that the SKIP state is enabled) at time t3,
the output, e.g., the LDR_EN signal in plot 602, of the NAND
gate 511 may be a digital zero. At time 3, if the feedback
voltage VFB is greater than the SLEW voltage, the ANG gate
522 can receive a digital zero from the comparator 503 and
output a digital zero to the flip flop 542, so as to maintain the
PWM signal digital zero. Accordingly, between times t3 and
t4, the controller 102B may be in the SKIP state. In response
to the digital zero PWM signal in plot 601 and the digital zero
LDR_EN signal in plot 602, both switches 110 and 112 may
be off in the SKIP state. However, if the feedback voltage
VFB s less than or equal to the SLEW voltage when the ramp
signal 512 reaches the V2 voltage level, TON_BUCK state
occurs and there is no SKIP state.

Accordingly, the voltage level at the LX switching node
122 (as shown in plot 603) may be equal to V ,, 0of the DC to
DC converter 100B during the SKIP state when the switches
110 and 112 are OFF. In addition, the current passing through
the resistor 520 and the ramp capacitor 508 may be equal to
zero during the SKIP state. The controller 102B may keep the
switches 110 and 112 in the SKIP state until the output volt-
age V 57 of the DC to DC converter 100B as represented by
VFB (as shown in plot 607) falls to a set voltage level (e.g.,
SLEW). When this occurs at time t4, the output of the third
comparator 503 of FIG. 5 may go to a digital one. The digital
one from the third comparator 503 and from the first com-
parator 501 may cause the output of the AND gate 522 of FIG.
5 to go to a digital one to set the flip flop 542 and hence cause
the PWM signal in plot 601 to go to a digital one. The process
may then repeat itself as illustrated in the timing diagram 600
for times t4 to t6.

The controller 102B can be a CRC controller that controls
the inductor current I, to have a constant ripple magnitude.
Specifically, during a TON_BUCK state, the following equa-
tion can be obtained:

L in=C1*(dVsoe/dt)=C1*(~dVs, o/ d)=C1*(~AVs o/

Tons (11
where Vo5 represents a voltage across the ramp capacitor
508, V5, , represents a voltage level of the ramp signal 512, C1
represents the capacitance of the ramp capacitor 508, and
AV, , represents the change in the voltage level V5, , during
the TON_BUCK state. Based on equations (1), (4), and (11),
the following equation can be obtained:

Al =-(AVs,*CY/(K*L), 12)

where Al;, represents the change in the inductor current I,
during the TON_BUCK state. Similarly, during a TOFF_
BUCK state, the following equation can be obtained:

L in=C1*(dVsoo/di)=C1*(=dV 5 o/dty=C1*(-AV5 o/
TOFF)>

(13)

where AV , represents the change in the voltage level V5,
during the TOFF_BUCK state. Based on equations (2), (6),
and (13), the following equation can be obtained:

Al == (AV5,*C/(K*L), 14

where Al;, represents the change in the inductor current I,
during the TOFF_BUCK state. Since the amount of the volt-
age change AV, during each of the TON_BUCK and
TOFF_BUCK states can be the same, the amount of the
current change Al;, during each of the TON_BUCK and
TOFF_BUCK states can be the same.

In addition, similar to the controller 102A illustrated in
FIG. 3, the controller 102B in FIG. 5 can increase the duty
cycle ofthe PWM signal when the average voltage V ;- of the
output voltage V o, 1s less than the target voltage V. -at the
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SLEW terminal. The controller 102B can also decrease the
duty cycle of the PWM signal when the average voltage V .~
is greater than the target voltage V.- at the SLEW terminal.
As aresult, the controller 102B can adjust the average voltage
V 5 of the output voltage V., to the target voltage V oz,

Referring now to FIG. 7 in conjunction with FIG. 8, yet
another embodiment of the present disclosure including a
converter 100C (for example, a boost converter) is shown.
The converter 100C may include, inter alia, a controller 102C,
adriver 704, and switches 110 and 112 which may be coupled
to an inductor 714. The controller 102C may be configured to
generate a control signal to the driver 704, which may then
drive the high-side and low-side switches 110 and 112. In
some embodiments, the controller 102C may adjust the duty
cycle of converter 100C to control the switches 110 and 112,
s0 as to control an inductor current I, through the inductor
714, as well as the output voltage V ., of the DC to DC
converter 100C. The controller 102C may utilize a PWM
signal to control the state of the high-side and low-side
switches 110 and 112 by varying the duty cycle of the PWM
signal.

In the example of FIG. 7, if the PWM signal is logic high,
the low-side switch 112 may be ON and the high-side switch
110 may be OFF. This state of the switches 110 and 112 may
be referred to herein as a “switch ON” state or a “TON_
BOOST?” state. In this state, the inductor 714 may be coupled
to ground via the switching node 122. Accordingly, the induc-
tor current I, ; can flow through the inductor 714 from an input
terminal (at an input voltage level V,,, shown in FIG. 7) to
ground, and may begin to ramp up. If the PWM signal is logic
low and the HDR _EN signal is logic high, the low-side switch
112 may be OFF and the high-side switch 110 may be ON.
This state of the switches 110 and 112 may be referred to as a
“switch OFF” state or a “TOFF_BOOST” state. In a boost
converter 100C, there may be a net negative voltage across the
inductor 714 in this state. Accordingly, the inductor current
1;, may begin to ramp down during this TOFF_BOOST state.
Thus, the duty cycle of the PWM signal may determine the
time on T ,,,forthe TON_BOOST state and the time off T, -~
for the TOFF_BOOST state. Similar to the buck converter,
the controller 102C may utilize a ramp signal 712 to assist
with generation of the PWM signal.

The controller 102C may include pulse-width modulation
(PWM) circuitry 752 and ramp generation circuitry 750. The
PWM circuitry 752 may include comparators 701, 702, 703,
AND circuitry 722, NAND circuitry 723 and a SR latch 742.
A first comparator 701 may be configured to provide inputs to
the AND circuitry 722 as well as the NAND circuitry 723.
The AND circuitry 722 may be configured to receive an
additional input from a third comparator 703. The AND cir-
cuitry 722 may then generate an input to a flip-flop or a latch
such as SR latch 742. The SR latch 742 may be configured to
provide an input to the driver 704 and AND circuitry 725,
which may be located externally to the PWM circuitry 752.
The PWM circuitry 752 may be configured to receive a ramp
signal 712 from the ramp generation circuitry 750 and gen-
erate a PWM signal in response to the ramp signal 712. The
ramp generation circuitry 750 may include an operational
amplifier 751 and a ramp capacitor 708 and may be respon-
sive to a control current I(C) flowing through resistors 720
and 771 as discussed below.

The controller 102C may additionally include a switch 713
and the AND circuitry 725, which may have its inputs coupled
to the output of the third comparator 703 of the PWM cir-
cuitry 752 and to the inverting output of the SR latch 742. The
controller 102C may further include the resistors 720 and
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771, which may be arranged in series and coupled to the
switching node LX 122 of the DC to DC converter 100C.

As described herein, the resistor 720 in series with the
resistor 771 may be denoted as an equivalent resistor that has
resistance R equal to R1+R2. In some embodiments, the
resistance R1 may be R/6 and the resistance R2 may be
5*R/6. Ramp generation circuitry 750 may also include the
ramp capacitor 708 coupled in series with the resistors 720
and 771. Operational amplifier 751 may have its inverting
input coupled to a node 706 associated with the serially
coupled resistors 720 and 771, and its non-inverting input
configured to receive a voltage representative of the input
voltage of the DC to DC converter 100C, for example V.
The operational amplifier 751 may function as an integrator.
The current that flows through the resistors 720 and 771 may
also flow through the ramp capacitor 708 to charge or dis-
charge the ramp capacitor 708, so as to control the ramp signal
712.

The ramp signal 712 may be provided to the inverting input
terminal of first comparator 701 and the non-inverting input
terminal of the second comparator 702. The voltage level V2
may be provided to the non-inverting input terminal of the
first comparator 701. The REF voltage may be provided to the
inverting input terminal of the second comparator 702. In
some embodiments, REF may be 2.5 volts and V2 may be 10
mV.

When in the TOFF_BOOST state, the PWMB signal may
be a logic one and the AND circuitry 725 may issue a logic
one if the output voltage V 5., is less than VSLEW voltage.
Thus, the switch 713 may be turned on, reducing the R value.
The ramp signal 712 may be decrease rapidly down to the V2
level where the output of first comparator 701 may become a
logic one, thus setting the SR latch 742. The PWMB signal
may become a logic zero, therefore turning off the switch 713.

Referring now to FIG. 8, a timing diagram illustrating
operation of the controller 102C of FIG. 7 is shown. In some
embodiments, the PWM signal in plot 801 and the HDR_EN
signal in plot 802 may be digital one between times t1 and 12.
Thus, the low-side switch 112 may be ON and the high-side
110 switch may be OFF. The voltage level at the X switching
node 122 in plot 803 may be equal to zero volts between times
t1 and t2. As shown in plot 804, during time t1 to time t2, the
current I(C) through the resistors 720 and 771 and through the
ramp capacitor 708 can be given by:

HC)=Vp/R==V K. s

In response to this current I(C) through the ramp capacitor
708, the ramp signal 712 in plot 805 may ramp up during the
time interval between times t1 and t2. During times t1 and t2,
the ramp signal 712 may have a positive slope because the
current I(C) in plot 804 may pass through the ramp capacitor
708 via the operational amplifier 751, e.g., flow from the
output terminal of the operational amplifier 751 to the ramp
capacitor 708.

Once the SR latch 742 is reset at time t2, the Q output of the
SR latch 742 may become a digital zero and hence the PWM
signal in plot 801 may be a digital zero. When the switches
110 and 112 are in this TOFF_BOOST state, the voltage level
at the LX switching node 122 (as shown in plot 803) may be
equal to the V- as detailed by FIG. 8. This may be a result
of LX switching node 122 being coupled to the output voltage
V o7 via the high-side switch 110.

The current I(C) (shown in plot 804) through resistors 720
and 771 during the time interval between times t2 and t3 may
be given by the equation:

HO=(Vour Vi) R=(VourVin)*K. (16)
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During the time interval between times t2 and t3, the ramp
signal 712 may ramp down in proportion to the I(C) signal.
The ramp signal 712 may ramp down until it reaches the
voltage level V2 input to the non-inverting input terminal of
the first comparator 701. At time t3, when the ramp signal 712
reaches the voltage level V2, the output of first comparator
701 may go to a digital one. Similarly to the ramp signal 512
and the inductor current I, of FIG. 5, when the ramp signal
712 of FIG. 7 reaches the V2 voltage level at time t3, the
inductor current I;, may be at a zero crossing. As such, the
controller 102C may provide a zero crossing estimator of the
inductor current I, , through the inductor 714 without directly
measuring such current.

The controller 102C can be a CRC controller that controls
the inductor current I, to have a constant ripple magnitude.
Specifically, during a TON_BOOST state, the following
equation can be obtained:

AL/t =V /L=AL, /T, an

where Al , represents the change in the inductor current I,
during the TON_BOOST state. In addition, the following
equation can be obtained:

HO)=CH(dV708/d)=C*(=dV71/dD)=C*(-AV 715/ Ton), (18)

where V¢ represents a voltage across the ramp capacitor
708,V , represents a voltage level of the ramp signal 712, C
represents the capacitance of the ramp capacitor 708, and
AV, represents the change in the voltage level V., during
the TON_BOOST state. Based on equations (15), (17), and
(18), the following equation can be obtained:

ALL=(AV71:*CY(KFL).

Similarly, during a TOFF_BOOST state, the following equa-
tion can be obtained:

19

Al 7/A=Vin-Voun)/ L= 7/ Torr, (20)

where Al , represents the change in the inductor current I,
during the TOFF_BOOST state. In addition, the following
equation can be obtained:

HO)=CH(dV708/d)=C*(=dV7 1/ dD)=C*(-AV 715/ Torr), 21

where AV, , represents the change in the voltage level V., ,
during the TOFF_BOOST state. Based on equations (16),
(20), and (21), the following equation can be obtained:

AL ~AV7,*C)/(K*L). (22)

Since the amount of the voltage change AV, during each of
the TON_BOOST and TOFF_BOOST states can be the same,
the amount of the current change Al;, during each of the
TON_BOOST and TOFF_BOOST states can be the same.
In addition, similar to the controller 102A illustrated in
FIG. 3 and the controller 102B illustrated in FIG. 5, the
controller 102C in FIG. 7 can increase the duty cycle of the
PWM signal when the average voltage V ;. of the output
voltage V ,,,-is less than the target voltage V o -at the SLEW
terminal. The controller 102C can also decrease the duty
cycle of the PWM signal when the average voltage V ;. is
greater than the target voltage Vo at the SLEW terminal. As
a result, the controller 102C can adjust the average voltage
V vz of the output voltage V. to the target voltage V.1
Specifically, during a TOFF_BOOST state, if the output
voltage V 5,1 is still greater than the VSLEW voltage when
the ramp signal 712 decreases to the voltage level V2, the
third comparator 703 can output a logic zero to maintain the
PWM signal logic zero, e.g., via the AND gate 722 and the SR
latch 742, until the output voltage V., decreases to the
VSLEW voltage. The duration of the TOFF_BOOST state
therefore can increase, so as to reduce the duty cycle of the
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PWM signal. If the output voltage V. decreases to the
VSLEW voltage before the ramp signal 712 decreases to the
voltage level V2, the third comparator 703 can output a logic
one to turn on the switch 713 via the AND gate 725, so as to
reduce the resistance of the path between the node 706 and the
switching node 122. The current I(C) through the ramp
capacitor 708 can increase, so as to shorten the time for the
TOFF_BOOST state. The duty cycle of the PWM signal
therefore can increase. As a result, the average voltage V ,,»
of the output voltage V. can be adjusted to the VSLEW
voltage.

FIG. 9 illustrates operations 900 according to an embodi-
ment. Operation 902 may include generating a ramp signal in
response to a current through a resistor that is coupled to a
switching node of a DC to DC converter. The switching node
can be coupled to a high-side switch and a low-side switch of
the DC to DC converter. Operation 904 may include gener-
ating a PWM signal in response to the ramp signal.

Embodiments of the present invention provide DC to DC
converters, e.g., buck converters, boost converters, to convert
an input voltage V,,; to an output voltage V.. By way of
examples, FIG. 3 and FIG. 5 provide buck converters 100A
and 100B, and FIG. 7 provides a boost converter 100C. The
DC to DC converter includes a CRC controller (e.g., 102A,
102B, or 102C) that generates a ramp signal to control an
output current (e.g., the inductor current L; | or I, ) of the DC
to DC converter. The ramp signal can be generated by using a
control current (e.g., I_out, or I(C)) to charge or discharge a
ramp capacitor (e.g., 308, 508, or 708), and therefore can vary
in proportion to the control current. In addition, the inductor
current (e.g., I;, or I,,) can vary in proportion to a voltage
across the inductor (e.g., 114 or 714). Since the control cur-
rent can be proportional to the voltage across the inductor; see
equations (4), (6), (15) and (16), the ramp signal can be
proportional to the inductor current. As such, advantageously,
the ripple magnitude of the inductor current can be controlled
to be substantially constant by controlling the ripple magni-
tude of the ramp signal to be substantially constant. In addi-
tion, the OTA 156 (shown in FIG. 1A) that has a relatively
narrow bandwidth can be omitted, such that the CRC control-
ler can control the output of the DC to DC converter more
accurately. Moreover, the capacitor 158 with a relatively high
capacitance and relatively large size can be omitted. All the
components included in the CRC controller 102A, 102B, or
102C can be integrated into a single chip. Furthermore, the
oscillator in the conventional controller can be omitted, so as
to reduce the power consumption.

A method for adjusting the control current to be propor-
tional to the voltage across the inductor can include control-
ling a voltage across a resistor, e.g., 320, 520, or 720-771, to
be equal to or proportional to the voltage across the inductor.
For example, the resistor has a first end and a second end, and
the inductor has a first terminal and a second terminal. The
first end of the resistor and the first terminal of the inductor
can be coupled to the same node, e.g., the switching node 122.
A voltage atthe second end of'the resistor can be controlled to
be approximately equal to a voltage at the second terminal of
the inductor. In the examples of FIG. 3, FIG. 5, and FIG. 7, the
DC to DC converters 100A, 100B, and 100C respectively
include operational amplifiers 351, 551, and 751. The opera-
tional amplifier can transfer the voltage at the second terminal
of the inductor to the second end of the resistor. However,
various methods and/or means can be used to control the
voltage at the second end of the resistor to be approximately
equal to the voltage at the second terminal of the inductor.

FIG. 10A illustrates a block diagram of an example of a DC
to DC converter 1000, in accordance with one embodiment of
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the present invention. In the example of FIG. 10A, the DC to
DC converter 1000 is a boost converter that converts an input
voltage V,, at a low-side terminal 1088 to an output voltage
V ooratahigh-side terminal 1086. As shown in FIG. 10 A, the
DC to DC converter 1000 includes a controller 1002, a driver
1004, a switching circuit that includes a high-side switch
1010 and a low-side switch 1012, and an energy storage
component 1014.

In the example of FIG. 10A, a high-side path between the
energy storage component 1014 and the high-side terminal
1086 includes the high-side switch 1010, and a low-side path
between the energy storage component 1014 and ground
includes the low-side switch 1012. However, in an alternative
embodiment, the high-side switch 1010 can replaced by a
diode. The energy storage component 1014 can be, but is not
limited to, an inductor. The inductor 1014 includes a first
terminal 1013 coupled to a switching node 1022 between the
high-side switch 1010 and the low-side switch 1012 and a
second terminal 1015 coupled to the low-side terminal 1088.
The inductor 1014 is used to provide the output voltage V 5+
of the DC to DC converter 1000.

The controller 1002 can include an enable output terminal
EN to provide a high-side switch enable (HDR_EN) signal
1082, and a control output terminal PWM to provide a PWM
signal 1084. The controller 1002 can also include an input
terminal LX to receive a voltage at the first terminal 1013 of
the inductor 1014, an input terminal VFB1 to receive a feed-
back voltage at the second terminal 1015 of the inductor 1014,
and an input terminal VFB2 to receive the output voltage
V o ratthe high-side terminal 1086. The controller 1002 may
also include an input terminal SKIP to receive a SKIP signal
that controls whether the HDR_EN signal 1082 is effective.
Furthermore, the controller 1002 may include an output ter-
minal VREF and an input terminal SLEW. In one embodi-
ment, the input terminal SLEW sets a target level or a desired
level for the output voltage V o, 7. In the example of FIG. 10A,
a slew capacitor 1026 coupled to the input terminal SLEW is
charged based on a resistance ratio of a resistor divider
(shown as resistors 1024 and 1028) and the voltage level at the
output terminal VREEF, so as to provide a preset voltage V oz =
to the input terminal SLEW. However, the invention is not so
limited; other alternative methods can be used to charge the
slew capacitor 1026 and create a preset voltage V- to the
input terminal SLEW.

In one embodiment, when the high-side switch 1010 is off
and the low-side switch 1012 is on, the first terminal 1013 of
the inductor 1014 is coupled to ground via the low-side switch
1012, and a net positive voltage, e.g., V, is across the induc-
tor 1014. An inductor current I |, through the inductor 1014
can increase in proportion to the voltage V,,across the induc-
tor 1014. The following equation is obtained:

al, o/ A=V/L,

where L represents the inductance of the inductor 1014.
When the high-side switch 1010 is on and the low-side switch
1012 is off, the first terminal 1013 of the inductor 1014 is
coupled to the high-side terminal 1086 via the high-side
switch 1010, and a net negative voltage, e.g., V,\~Vourp 18
across the inductor 1014. The inductor current I,,, can
decrease in proportion to the voltage V,,~V 5.+ across the
inductor 1014. The following equation is obtained:

23)

al, o/ @=Vn-Vour)L.
Inone such embodiment, the current I | , is a ripple current.
The current I, | , flows to the high-side terminal 1086 when the
high-side switch 1010 is on and the low-side switch 1012 is
off. An energy storage component, e.g., an output capacitor
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1016, coupled between the high-side terminal 1086 and
ground is charged by the current I, |, and provides the output
voltage V o, 7 By turning on and off the switches 1010 and
1012 alternately, the controller 1002 can adjust the output
voltageV ,,-0r an average voltageV ;- of the output voltage
V oo t0 atarget voltage V .z o7 10 addition, the controller
1002 can control the current I, , to have a substantially con-
stant ripple magnitude. As such, the output voltage V - of
the DC to DC converter 1000 can be more stable.

In one embodiment, the controller 1002 generates control
signals such asthe HDR _EN signal 1082 and the PWM signal
1084 to the driver 1004 to control/drive the high-side switch
1010 and the low-side switch 1012. For example, the high-
side switch 1010 can be turned on by a logic-high signal and
turned off by a logic-low signal. Similarly, the low-side
switch 1012 can be turned on by a logic-high signal and
turned off by alogic-low signal. By controlling the logic level
of' the HDR_EN signal 1082 and the PWM signal 1084, the
status the high-side switch 1010 and the low-side switch 1012
can be controlled.

Examples of the status of the high-side switch 1010 and the
low-side switch 1012 in response to the control signals 1082
and 1084 are illustrated by a table 1100 in FIG. 11. The table
1100 is described in combination with FIG. 10A.

As shown in the table 1100, when the HDR_EN signal and
the PWM signal are logic high, i.e., HDR_EN=1 and
PWM=1, the high-side switch 1010 is off and the low-side
switch 1012 is on. Such state can be referred to as a TON_
BOOST state. When the HDR_EN signal is logic low and the
PWM signal is logic high, i.e., HDR_EN=0 and PWM=1, the
high-side switch 1010 is off and the low-side switch 1012 is
on. Thus, the switches 1010 and 1012 are also in the TON_
BOOST state. During the TON_BOOST state, the first termi-
nal 1013 of the inductor 1014 is coupled to ground, the
voltage across the inductor 1014 can be equal to V,, and the
current I, increases. Whenthe HDR_EN signal is logic high
and the PWM signal is logic low, i.e., HDR_EN=1 and
PWM=0, the high-side switch 1010 is on and the low-side
switch 1012 is off. Such state can be referred to as a TOFF_
BOOST state. During the TOFF_BOOST state, the first ter-
minal 1013 of the inductor 1014 is coupled to the high-side
terminal 1086, the voltage across the inductor 1014 can be
equal to V,,—~V o7, and the current I, , decreases. When the
HDR_EN signal and the PWM signal are logic low, i.e.,
HDR_EN=0 and PWM=0, the high-side switch 1010 and the
low-side switch 1012 are both off. Such state can be referred
to as a SKIP state. During the SKIP state, the first terminal
1013 of the inductor 1014 can be floating, e.g., is not coupled
to the high-side terminal 1086 nor coupled to ground, the
voltage across the inductor 1014 can be zero, and the current
1; o can be zero.

FIG. 10B illustrates a block diagram of an example ofa DC
to DC converter 1000, in accordance with one embodiment of
the present invention. Elements that are labeled the same as in
FIG. 10A have similar functions. As shown in FIG. 10B, the
controller 1002 includes a ramp signal generator 1030, a
PWM signal generator 1040, and a feedback circuit 1070. The
ramp signal generator 1030 includes an energy storage com-
ponent, e.g., a ramp capacitor 1008, and a resistive compo-
nent, e.g., aresistor 1020. The ramp capacitor 1008 is coupled
between ground and the PWM signal generator 1040. The
resistor 1020 has a first end 1023 coupled to the first terminal
1013 of the inductor 1014 and a second end 1025 coupled to
the ramp capacitor 1008, e.g., via means/circuitry 1018.

In one embodiment, the ramp signal generator 1030 pro-
vides a control current 1., , through the resistor 1020 to con-
trol electric energy stored in the ramp capacitor 1008. The
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ramp signal generator 1030 further generates a ramp signal
1032, e.g., a voltage across the ramp capacitor 1008, based on
the electric energy stored in the ramp capacitor 1008. Control
circuitry that includes the PWM signal generator 1040 and
the circuitry 1018 controls the control current I -, , to indicate,
e.g., be linearly proportional to, a voltage across the inductor
1014 by adjusting a voltage at one end of the resistor 1020.
The control circuitry further controls the current I, |, through
the inductor 1014 within a predetermined range based on the
ramp signal 1032.

More specifically, in one embodiment, a voltage V4,5 at
the first end 1023 of the resistor 1020 is equal to a voltage
Vo1 at the first terminal 1013 of the inductor 1014. The
means/circuitry 1018 controls a voltage V5 at the second
end 1025 of the resistor 1020 towards a voltage V5 at the
second terminal 1015 of'the inductor 1014. As such, a voltage
across the resistor 1020 is approximately equal to a voltage
across the inductor 1014. The control current I -, , through the
resistor 1020, therefore, is linearly proportional to the voltage
Vio13— V015 across the inductor 1014, and can be given by:

c10=Vi015= V1015V Rz p- Rz represents the resistance of the
resistor 1020. The means/circuitry 1018 can be included in
the PWM signal generator 1040, or in the ramp signal gen-
erator 1030, or in a combined circuit of the PWM signal
generator 1040 and the ramp signal generator 1030, or is
outside the PWM signal generator 1040 and the ramp signal
generator 1030.

In one embodiment, the control current 1., controls the
electric energy stored in the ramp capacitor 1008 to adjust the
ramp signal 1032, e.g., the voltage across the ramp capacitor
1008. For example, during a TON_BOOST state, the control
current I, is given by:

Ice1=(Vio13= V1015V Rrp=(0-V i)/ Rgp- @5
Therefore, the following equation is obtained:
Ic10=Crp*dVrp/dt==Vy/Rrp, 26

where C, represents the capacitance of the ramp capacitor
1008, and V, represents a voltage level of the ramp signal
1032. Thus, during the TON_BOOST state, the control cur-
rent I, can discharge the ramp capacitor 1008 to decrease
the ramp signal 1032. Similarly, during a TOFF_BOOST
state, the control current I, is given by:

Le10=(Vio13=Vio1sVRre=(Vour=Vin)/Rre- @7
The flowing equation is obtained:
1c10=Crp*dVrp1ar~Vour=V )/ Rrp- (28)

Thus, during the TOFF_BOOST state, the control current
Iy can charge the ramp capacitor 1008 to increase the ramp
signal 1032.

Based on equations (23) and (26), the following equations
are obtained:

Al o/ Ton=Vin/L: (292)
and
Cre*AVrp/Ton==Vv/Rrps (29b)

where Al ,, represents the change in the current I, during
the TON_BOOST state, AV, represents the change in the
voltage level V,, during the TON_BOOST state, and T,
represents a time duration for the TON_BOOST state. Based
on equations (29a) and (29b), the following equation is
obtained:

A7 10=-Crp™AVpp*Rep/L. (30)
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Similarly, based on equations (24) and (28), the following
equations are obtained:

Al o/ Torr=(Vin-Vour)/L; and (31a)

Crp* NV g/ Torr=(Vour=Vm)/ Rre,
where Al |, represents the change in the current I, during
the TOFF_BOOST state, AV, represents the change in the
voltage level V, during the TOFF_BOOST state, and T
represents a time duration for the TOFF_BOOST state. Based
on equations (31a) and (31b), the following equation is
obtained:

(31b)

A7 0=-Crp*AVrp*Rep/L. (32)

The PWM signal generator 1040 can control the pair of
switches 1010 and 1012 based on the ramp signal 1032, so as
to control the current I, , through the inductor 1014. Specifi-
cally, the PWM signal generator 1040 can generate the PWM
signal 1084 to control the high-side switch 1010 and the
low-side switch 1012. The PWM signal generator 1040 can
further control a state of the PWM signal 1084, so that the
ramp signal 1032 has a substantially constant ripple magni-
tude. Based on equations (30) and (32), the controller 1002
can control the ripple magnitude Al; | , of the current I, ,,to be
substantially constant by controlling the ripple magnitude
AV of the ramp signal 1032 to be substantially constant.
Thus, the controller 1002 can be a CRC controller.

Furthermore, the PWM signal generator 1040 can control
the pair of switches 1010 and 1012 based on the ramp signal
1032, so as to control the output voltage V- of the DC to
DC converter 1000'. Specifically, the feedback circuit 1070
receives the output voltage V .- via the input terminal VFB2
and generates a feedback voltage V . indicative of the output
voltage V . to the PWM signal generator 1040. The PWM
signal generator 1040 can control the duty cycle of the PWM
signal 1084 based on the feedback voltage V 5. For example,
the PWM signal generator 1040 increases the duty cycle of
the PWM signal 1084 if an average voltage V ;.- of the output
voltage V7 1s less than a target voltage Vi zczr and
decreases the duty cycle if the average voltage V ;. is greater
than the target voltage V -, r - The average voltage V ;.- of
the output voltage V.- therefore is adjusted to the target
voltage Vo ncer

FIG. 12 illustrates a circuit diagram of an example of a DC
to DC converter 1000A, in accordance with one embodiment
of'the present invention. Elements that are labeled the same as
in FIG. 10A and FIG. 10B have similar functions. As shown
in FIG. 12, a controller 1002A includes a ramp signal gen-
erator 1030A, a PWM signal generator 1040A, and a feed-
back circuit 1070.

The ramp signal generator 1030A can include the resistor
1020, the ramp capacitor 1008, a switch 1232, and a switch
1234. The first end 1023 of the resistor 1020 is coupled to the
first terminal 1013 of the inductor 1014, and the second end
1025 of the resistor 1020 is coupled to the ramp capacitor
1008 via the switch 1234. The resistor 1020 in the example of
FIG. 12 includes a sub-resistor 1220 and a sub-resistor 1221
coupled in series. The switch 1232 is coupled to the two ends
of the sub-resistor 1221. The resistance R, of the resistor
1020 is equal to resistance Ry, of the sub-resistor 1220 plus
resistance R, of the sub-resistor 1221.

The PWM signal generator 1040A can include a compara-
tor 1201 (hereinafter CMP1 1201), a comparator 1202 (here-
inafter CMP2 1202), an offset circuit 1242, an offset circuit
1252, aset-reset flip-flop (SRFF) 1248, an SRFF 1258, alogic
AND gate 1262 (hereinafter G1 1262), a logic AND gate
1264 (hereinafter G2 1264), and a comparator 1203 (herein-
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after CMP3 1203). As shown in FIG. 12. an inverting input
terminal of the CMP1 1201 and a non-inverting input termi-
nal ofthe CMP2 1202 are coupled to the ramp capacitor 1008,
and coupled to the second end 1025 of the resistor 1020 via
the switch 1234. A non-inverting input terminal of the CMP1
1201 is coupled to the second terminal 1015 of the inductor
1014 via the offset circuit 1242. An inverting input terminal of
the CMP2 1202 is coupled to the second terminal 1015 of'the
inductor 1014 via the offset circuit 1252. The CMP3 1203
includes an inverting input terminal coupled to the feedback
circuit 1070, a non-inverting input terminal coupled to a
voltage source (not shown in FIG. 12) that provides a preset
voltage V oz, and an output terminal coupled to the G1 1262
and the G2 1264. The SRFF 1248 includes a reset terminal R
coupled to an output terminal of the CMP1 1201, a set termi-
nal S coupled to an output terminal of the G1 1262, a non-
inverting output terminal Q coupled to the control output
terminal PWM of the controller 1002A, and an inverting
output terminal QB coupled to an input terminal of the G2
1264. The SRFF 1258 includes a reset terminal R coupled to
the non-inverting output terminal Q of the SRFF 1248, a set
terminal S coupled to an output terminal of the CMP2 1202,
a non-inverting output terminal Q coupled to an input termi-
nal of the G1 1262, and an inverting output terminal QB
coupled to the enable output terminal EN of the controller
1002A. Input terminals of the G1 1262 are coupled to the
non-inverting output terminal Q of the SRFF 1258 and the
output terminal of the CMP3 1203, and an output terminal of
the G1 1262 is coupled to the set terminal S of the SRFF 1248.
Input terminals of the G2 1264 are coupled to the inverting
output terminal QB of the SRFF 1248 and the output terminal
of'the CMP3 1203, and an output terminal of the G2 1264 is
coupled to a control terminal of the switch 1232. In addition,
the inverting output terminal QB of the SRFF 1258 is coupled
to a control terminal of the switch 1234.

In one embodiment, the CMP1 1201 receives a reference
voltage V; from the offset circuit 1242 and outputs a signal to
the SRFF 1248 by comparing the ramp signal 1032 with the
reference voltage V;. The CMP1 1201 outputs a logic-high
signal if the ramp signal 1032 is no greater than the reference
voltage V,, and outputs a logic-low signal if the ramp signal
1032 is greater than the reference voltage V,. The CMP2
1202 receives a reference voltage V, (V >V, ) from the offset
circuit 1252 and outputs a signal to the SRFF 1258 by com-
paring the ramp signal 1032 with the reference voltage V.
The CMP2 1202 outputs a logic-high signal if the ramp signal
1032 is no less than the reference voltage V,, and outputs a
logic-low signal if the ramp signal 1032 is less than the
reference voltage V.

In one embodiment, the SRFF 1248 is triggered by a rising
edge of an input signal, e.g., a set signal or a reset signal. For
example, if a rising edge of a set signal occurs at the set
terminal S of the SRFF 1248, the non-inverting output termi-
nal Q of the SRFF 1248 is set to logic high and the inverting
output terminal QB of the SRFF 1248 is set to logic low. If a
rising edge of a reset signal occurs at the reset terminal R of
the SRFF 1248, the non-inverting output terminal Q of the
SRFF 1248 is set to logic low and the inverting output termi-
nal QB of the SRFF 1248 is set to logic high. If both the set
terminal S and the reset terminal R are logic low, the logic
levels at the output terminals Q and QB of the SRFF 1248
remain unchanged until a rising edge of an input signal of the
SRFF 1248 occurs. The SRFF 1258 can be trigged by a rising
edge of an input signal of the SRFF 1258 in a similar manner.

In one embodiment, the controller 1002A controls a ripple
magnitude of the ramp signal 1032 and a ripple magnitude of
the current I, to be constant by comparing the ramp signal
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1032 with the reference voltages V,; and V. More specifi-
cally, the PWM signal generator 1040A controls a status of
the PWM signal 1084 according to the comparison between
the ramp signal 1032 and the reference voltages V; and V.
When the ramp signal 1032 decreases to the reference voltage
V;, the CMP1 1201 outputs a logic-high signal to reset the
SRFF 1248 to output a logic-low PWM signal 1084. As such,
the ramp signal 1032 increases. When the ramp signal 1032
increases to the reference voltage V,, the CMP2 1202 outputs
a logic-high signal to set the PWM signal 1084 to logic high,
e.g., viathe SRFF 1258, the G1 1262, and the SRFF 1248. As
such, the ramp signal 1032 decreases. Thus, the ramp signal
1032 can have a maximum level that is equal to the reference
voltage V,and a minimum level that is equal to the reference
voltage V. Accordingly, the current I;,, can also have a
maximum level and a minimum level, e.g., can be in a prede-
termined range based on the ramp signal 1032. The ripple
magnitude of the ramp signal 1032 can be equal to a differ-
ence between the reference voltages V; and V. The differ-
ence V-V, can be constant, such that the ripple magnitude
of the ramp signal 1032 is constant. As a result, the ripple
magnitude of the current I, ,, is also constant.

In the example of FIG. 12, means/circuitry for controlling
the voltage V.5 at the second end 1025 of the resistor 1020
towards the voltage V, , 5 at the second terminal 1015 of the
inductor 1014 includes the CMP1 1201, the CMP2 1202, the
offset circuit 1242, and the offset circuit 1252. Specifically,
the CMP1 1201 compares the voltage V,,,5 with the refer-
ence voltage V;, thereby controlling the voltage V,5 to be
no less than the reference voltage V. The CMP2 1202 com-
pares the voltage V| 5 with the reference voltage V,, thereby
controlling the voltage V,,5 to be no greater than the refer-
ence voltage V.. A preset voltage across the offset circuit
1242 is V,, and a preset voltage across the offset circuit 1252
is V,. Thus, the reference voltage V; provided to the CMP1
1201 is equal to the voltage V,,,s minus the preset voltage
Vg1, €8, V=V, 45—V, and the reference voltage V; pro-
vided to the CMP2 1202 is equal to the voltage V| 4, 5 plus the
preset voltage Vg, e.2., V=V 4,5+ V. In one embodiment,
the preset voltage V, across the offset circuit 1242 and the
preset voltage Vg, across the offset circuit 1252 are substan-
tially constant. In one embodiment, the preset voltages Vg,
and Vg, can be the same, e.g., V=V, such that the voltage
Vo015 1s centered between the reference voltages V; and V.
In addition, compared with the voltage V |, 5, the preset volt-
ages Vg, and Vg, are relatively small and can be omitted, such
that the voltage V,,,5 that varies in the range from V; (e.g.,
V;=Vi015=Vs1) oV, (eg., V=V, 0,5+V,) can be consid-
ered to be approximately equal to the voltage V5.

In the example of FIG. 12, the offset circuit 1242 includes
a resistor 1246 that has a resistance Rg,. The offset circuit
1242 further includes a current source 1244 to provide a
preset current Ig, through the resistor 1246, such that the
resistor 1246 has the preset voltage V., e.g., V=1 *Rg,,
thereon. Similarly, the offset circuit 1252 includes a resistor
1256 that has a resistance R ,. The offset circuit 1252 further
includes a current source 1254 to provide a preset current I,
through the resistor 1256, such that the resistor 1256 has the
preset voltage V,, e.g., V=l *Rs,, thereon. However, the
invention is not so limited; other alternative methods can be
used to create the preset voltages across the offset circuits
1242 and 1252.

In the example of FIG. 12, the comparators 1201 and 1202
control the ramp signal 1032 to have a constant ripple mag-
nitude and also control the voltage V| ,5 towards the voltage
Vio1s- However, in another embodiment, the ramp signal
1032 and the voltage V,,5 can be controlled by different
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comparators. For example, one or more comparators can be
used to control the ramp signal 1032 to have a constant ripple
magnitude. Another one or more comparators can be used to
control the voltage V,,,5 towards the voltage V,,,s. In one
such embodiment, the range of the ramp signal 1032 can be
the same as or different from the range of the voltage V5. In
one such embodiment, a current-controlled current source,
e.g., the circuit 324 in FIG. 3, can be used to generate a control
current equal to the current through the resistor 1020 to con-
trol the ramp capacitor 1008.

The feedback circuit 1070 can include a resistor divider
(shown as resistors 1272 and 1274) coupled between the
high-side terminal 1086 and ground. The feedback voltage
V5 can be determined by the output voltage V - and the
resistances of the resistors 1272 and 1274. However, the
invention is not so limited; other alternative methods can be
used to generate a feedback signal indicative of the output
voltage V o1

As shown in FIG. 12, the CMP3 1203 can output a signal
1260 to the G1 1262 and the G2 1264 by comparing the
feedback voltage V 5 with the preset voltage V 5. The sig-
nal 1260 can bereferred to as a“PULSE” signal. The G2 1264
can outputa signal 1236 to control the switch 1232 coupled to
the sub-resistor 1221. The signal 1236 can be referred to as an
“accelerate” signal or an “ACCEL” signal. The switch 1232
can be referred to as an “accelerate” switch. In addition, the
switch 1234 coupled between the resistor 1020 and the ramp
capacitor 1008 can be referred to as a “delay” switch. By
using the CMP3 1203, the G1 1262, the G2 1264, the accel-
erate switch 1232, the delay switch 1234, the SRFF 1248, and
the SRFF 1258, the average voltage V ;. of the output volt-
age V o, can be adjusted to a target voltage V., r oz More
specifically, on one hand, if the average voltage V . is less
than the target voltage V- zczr the CMP3 1203 outputs a
logic-high PULSE signal 1260 to set the accelerate signal
1236 to logic high, e.g., via the G2 1264. The accelerate
switch 1232, therefore, is turned on to increase the duty cycle
of'the PWM signal 1084 to increase the average voltage V ;...
On the other hand, if the average voltage V ;- is greater than
the target voltage V .,z 7 the CMP3 1203 outputs a logic-
low PULSE signal 1260. The logic-low PULSE signal 1260
maintains the PWM signal 1084 logic low, e.g., via the G1
1262 and the SRFF 1248, and maintains the delay switch
1234 off, such that the duty cycle of the PWM signal 1084 is
reduced to decrease the average voltage V .. Operations of
the adjustment process regarding the average voltage V ;- of
the output voltage V. will be described in combination
with FIG. 13.

FIG. 13 illustrates a timing diagram 1300 of examples of
signals (e.g., the signals I, o, Vo 1032, 1260, 1082, 1236,
and 1084) associated with the DC to DC converter 1000A
shown in FIG. 12. In the example of FIG. 13, the operations of
the controller 1002A may include different modes, e.g., a
“decreased D mode”, a “normal D mode”, and an “increased
D” mode. For example, the output voltage V ;. (shown in
FIG. 13) may fluctuate with respect to a predetermined level
V'zizrGer- In the normal D mode (e.g., from time t; to time
t,,4), the output voltage V ,, - decreases to the predetermined
level V', e When the ramp signal 1032 increases to the
reference voltage V, (e.g., at time t;,,). The average voltage
V & of the output voltage V. can be equal to the target
voltage Vi, rcer In one embodiment, the target voltage
V rireer 15 approximately equal to the predetermined level
V' rurcer 1n the decreased D mode (e.g., from time t, to time
L,,4), the output voltage V., is greater than the predeter-
mined level V', » oz When the ramp signal 1032 increases to
the reference voltage V; (e.g., at time L,,,). The average
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voltage V ;- is greater than the target voltage V ., r gz Thus,
the controller 1002A decreases the duty cycle of the PWM
signal 1084 so as to decrease the average voltage V ;.. In the
increased D mode (e.g., from time t, to time t,, 5 ), the output
voltage V . decreases to the predetermined level V' 1,z crr
(e.g., attimet,, ,) before the ramp signal 1032 increases to the
reference voltage V. The average voltage V ;.- is less than
the target voltage Vi, zgzr Thus, the controller 1002A
increases the duty cycle of the PWM signal 1084 so as to
increase the average voltage V ;..

As shown in the example of FIG. 13, in the normal D mode
(e.g., from time t, to time t;,,), the accelerate signal 1236 is
logic low, and the HDR_EN signal 1082 is logic high. The
PULSE signal 1260 can be in phase with the PWM signal
1084. For example, the PULSE signal 1260 is logic high
when the PWM signal 1084 is logic high, and is logic low
when the PWM signal 1084 is logic low. The ramp signal
1032 and the current I, ,,, can have saw-toothed waveforms.
The ripple magnitude of the current I, | , is constant since the
ripple magnitude of the ramp signal 1032 is constant. The
output voltage V ., may fluctuate with respect to the prede-
termined level V', -1, but the average voltage V ;. of the
output voltage V - can be equal to the target voltage V., »-
GET.

More specifically, during a TON_BOOST state (e.g., from
time t; to time t;,,) in the normal D mode, the current I,
increases as according to equation (23), and the ramp signal
1032 decreases according to equation (26). In addition, the
output voltage V . -decreases. In response to a rising edge of
the PWM signal 1084 (e.g., at time t ), the SRFF 1258 sets the
HDR_EN signal 1082 to logic high. During the TON-
_BOOST state, since the ramp signal 1032 is less than the
reference voltage V,, the CMP2 1202 outputs a logic-low
signal to the SRFF 1258, and the HDR_EN signal 1082
remains logic high. The delay switch 1234 coupled between
the resistor 1020 and the ramp capacitor 1008 is on. In addi-
tion, the inverting output terminal QB of the SRFF 1248 is
logic low, such that the accelerate signal 1236 is logic low and
turns off the accelerate switch 1232. When the ramp signal
1032 decreases to the reference voltage V, (e.g., at time t, ),
the CMP1 1201 outputs a logic-high signal to reset the SRFF
1248 to output a logic-low PWM signal 1084. Attime t,, ,, the
HDR_EN signal 1082 can still be logic high. Thus, the DC to
DC converter 1000A enters a TOFF_BOOST state.

During a TOFF_BOOST state (e.g., from time t;,, to time
t,,») in the normal D mode, the current I, ; decreases accord-
ing to equation (24), and the ramp signal 1032 increases as
according to equation (28). In addition, the output voltage
V o7 decreases. The output capacitor 1016 may have an
equivalent series resistance (ESR). Thus, when the high-side
switch 1010 is on and the low-side switch 1012 is off (e.g., at
time t, ), the output voltage V- can increase to a level that
is equal to the input voltage V, plus a voltage across the
inductor 1014 relatively fast. At time t,,, the output voltage
V oor 18 greater than the predetermined level V' zcrry €2,
the feedback voltage V5 is greater than the predetermined
voltage V . Thus, the G2 1264 receives a logic-low PULSE
signal 1260 from the CMP3 1203, and outputs a logic-low
accelerate signal 1236 to keep the accelerate switch 1232 off.
In addition, the HDR_EN signal 1082 is logic high and keeps
the delay switch 1234 on.

In the normal D mode, when the ramp signal 1032
increases to the reference voltage V, (e.g., at time t,,,), the
output voltage V. decreases to the predetermined level
V' rircer The CMP2 1202 outputs a logic-high signal to the
SRFF 1258 to set the non-inverting output terminal Q of the
SRFF 1258 to logic high. In addition, the CMP3 1203 outputs
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a logic-high PULSE signal 1260. Thus, the G1 1262 outputs
a logic-high signal to the SRFF 1248 to set the PWM signal
1084 to logic high. In one embodiment, there may be a time
interval AT, between the moment when the set terminal S of
the SRFF 1258 receives a logic-high signal from the CMP2
1202 and the moment when the reset terminal R of the SRFF
1258 receives a logic-high PWM signal 1084. The time inter-
val AT, is relatively short. In other words, the HDR_EN
signal 1082 can be logic low during the time interval AT,
(e.g., as shown at times t, t;,,, 1;,,) and such status lasts for a
relatively short time. Compared with the time durations T,
and T,zz the time interval AT, can be omitted. In one
embodiment, there may be a time duration AT, when the G2
1264 receives a logic-high signal from the inverting output
terminal QB of the SRFF 1248 and a logic-high PULSE
signal 1260 from the CMP3 1203. The time duration AT, is
relatively short. In other words, the accelerate signal 1236 can
be logic high during the time duration AT, (e.g., as shown at
times t;, ;,,, t;,,) and such status lasts for a relatively short
time. Compared with the time durations T, and Tz, the
time duration AT, can be omitted.

In the decreased D mode (e.g., from time t, to time t,, ,), the
accelerate signal 1236 is logic low, and the HDR_EN signal
1082 can be logic high or logic low. During a TON_BOOST
state (e.g., from time t; to time t,, | ) in the decreased D mode,
the status of the signals I; ,,, V57 1032, 1260, 1082, 1236,
and 1084 can be similar to those during a TON_BOOST state
(e.g., from time t, to time t,,) in the normal D mode. How-
ever, during a TOFF_BOOST state (e.g., from time t,,; to
timet,, ,) in the decreased D mode, the output voltage V ,, -is
greater than the predetermined level V', . sz Wwhen the ramp
signal 1032 increases to the reference voltage V, (e.g., attime
t,,,). Assuch, forexampleattimet,, ,, the PULSE signal 1260
is logic low, such that the G1 1262 outputs a logic-low signal
to the SRFF 1248 to maintain the PWM signal 1084 logic low.
Meanwhile, the CMP2 1202 outputs a logic-high signal to set
the SRFF 1258 to output a logic-low HDR_EN signal 1082.
Thus, the DC to DC converter 1000A enters a SKIP state (e.g.,
from time t,, , to time ¢, ;).

During the SKIP state, the delay switch 1234 coupled
between the resistor 1020 and the ramp capacitor 1008 is
turned off by the HDR_EN signal 1082, so that the ramp
signal 1032 remains unchanged. Furthermore, the output
voltage V. continues to decrease because the output
capacitor 1016 may discharge to a load (not shown in FIG.
12). When the output voltage V - decreases to the predeter-
mined level V', » zr, €.8., at time t,, 5, the CMP3 1203 out-
puts a logic-high PULSE signal 1260 to the G1 1262. Since
the non-inverting output terminal Q of the SRFF 1258 is also
logic high, the G1 1262 outputs a logic-high signal to the
SRFF 1248 to set the PWM signal 1084 to logic high. In
response to the PWM signal 1084, the SRFF 1258 sets the
HDR_EN signal 1082 to logic high, and turns on the delay
switch 1234. In other words, at time t,,;, the DC to DC
converter 1000A enters a new TON_BOOST state. As a
result, the duty cycle of the PWM signal 1084 can be
decreased in the decreased D mode.

Inthe increased D mode (e.g., from time t, to time t,, ;), the
accelerate signal 1236 can be logic high or logic low, and the
HDR_EN signal 1082 is logic high. During a TON_BOOST
state (e.g., from time t, to time t,, ;) in the increased D mode,
the status of the signals I; ,,, V57 1032, 1260, 1082, 1236,
and 1084 can be similar to those during a TON_BOOST state
(e.g., from time t, to time t,,,) in the normal D mode. How-
ever, during a TOFF_BOOST state (e.g., from time t,,, to
time t,,,) in the increased D mode, the output voltage V ;.
decreases to the predetermined level V', z 1 (€.g., at time
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1,,,) before the ramp signal 1032 increases to the reference
voltage V. As such, for example at time t,,,, the PULSE
signal 1260 is logic high. In addition, the inverting output
terminal QB of the SRFF 1248 is logic high. Thus, the G2
1264 outputs a logic-high accelerate signal 1236 to turn on the
accelerate switch 1232. The resistance Ry, of the resistor
1020 decreases, e.g., from Ry +Rzp; 10 Ry 2o, and the con-
trol current I, increases. Therefore, the time for the ramp
signal 1032 to increase from the reference voltage V; to the
reference voltage V; can be shortened. When the ramp signal
1032 increases to the reference voltage V,, (e.g., at time t, , 5),
the CMP2 1202 outputs a logic-high signal to set the PWM
signal 1094 to logic high, e.g., via the SRFF 1258, the G1
1262, and the SRFF 1248. Accordingly, attime t,, 5, the DC to
DC converter 1000A enters a new TON_BOOST state. As a
result, the duty cycle of the PWM signal 1084 can be
increased in the increased D mode.

In one embodiment, the operation modes, e.g., the
decreased D mode, the normal D mode, and the increased D
mode, of the controller 1002A are selected automatically
based on the status of the output voltage V . Consequently,
the average voltage V - of the output voltage V., can be
adjusted to the target voltage V., xcz7 The magnitude of the
fluctuation of the output voltage V .- is relatively small and
can be omitted. As such, the output voltage V . is approxi-
mately equal to the target voltage V 1, rcrr

FIG. 14 illustrates a circuit diagram of an example of a DC
to DC converter 1000B, in accordance with one embodiment
of'the present invention. Elements that are labeled the same as
inFIG. 10A, FIG. 10B, and FIG. 12, have similar function. As
shown in FIG. 14, a controller 1002B includes a ramp signal
generator 1030B, a PWM signal generator 1040B, and a
feedback circuit 1070.

The ramp signal generator 1030B can include the resistor
1020, the ramp capacitor 1008, and a switch 1436. The first
end 1023 of the resistor 1020 is coupled to the first terminal
1013 of the inductor 1014, and the second end 1025 of the
resistor 1020 is coupled the second terminal 1015 of the
inductor 1014 via the switch 1436. The ramp capacitor 1008
is coupled between the second end 1025 of the resistor 1020
and ground.

The PWM signal generator 1040B can include an offset
circuit 1442, a comparator 1401 (hereinafter CMP1 1401), a
comparator 1402 (hereinafter CMP2 1402), a comparator
1403 (hereinatter CMP3 1403), an SRFF 1448, and a logic
AND gate 1462 (hereinafter G1 1462). The CMP1 1401
includes a non-inverting input terminal coupled to the second
terminal 1015 of the inductor 1014 via the offset circuit 1442,
an inverting input terminal coupled to the second end 1025 of
the resistor 1020, and an output terminal coupled to a reset
terminal R of the SRFF 1448. The CMP2 1402 includes a
non-inverting input terminal coupled to a first terminal of the
high-side switch 1010, e.g., shown as the switching node
1022, an inverting input terminal coupled to a second terminal
of the high-side switch 1010, e.g., shown as the high-side
terminal 1086, and an output terminal coupled to the enable
output terminal EN of the controller 1002B. The CMP3 1402
includes a non-inverting input terminal coupled to a voltage
source (not shown in FIG. 14) that provides a preset voltage
V oz an inverting input terminal coupled to the feedback
circuit 1070, and an output terminal coupled to the G1 1462.
Inputterminals of the G1 1462 are coupled to the CMP3 1403
and an inverting output terminal QB ofthe SRFF 1448, and an
output terminal of the G1 1462 is coupled to a set terminal S
of the SRFF 1448. The inverting output terminal QB of the
SRFF 1448 is also coupled to a control terminal of the switch
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1436. In addition, a non-inverting output terminal Q of the
SRFF 1448 is coupled to the control output terminal PWM of
the controller 1002B.

In one embodiment, the CMP1 1401 receives a reference
voltage V', from the offset circuit 1442 and outputs a signal to
SRFF 1448 by comparing the ramp signal 1032 with refer-
ence voltage V';. The CMP1 1401 outputs a logic-high signal
if the ramp signal 1032 is no greater than the reference voltage
V';, and outputs a logic-low signal if the ramp signal 1032 is
greater than the reference voltage V';. The CMP2 1402
receives a voltage Vg, €.2., V=V 01 3, at the first termi-
nal of the high-side switch 1010 and a voltage V¢, e.g.,
Vswr=Vour at the second terminal of the high-side switch
1010, and outputs a signal to the enable output terminal EN of
the controller 1002B by comparing the voltages Vgy,, and
Vsuz- The CMP2 1402 outputs a logic-high signal if the
voltage V g5, 18 greater than the voltage V gy, , and outputs a
logic-low signal if the voltage V54 is no greater than the
voltage Vg, . In addition, the SRFF 1448 can be trigged by a
rising edge of an input signal of the SRFF 1448 in a similar
manner as described in relation to FIG. 12.

In one embodiment, the controller 1002B controls a ripple
magnitude of the ramp signal 1032 and a ripple magnitude of
the current I, to be constant by comparing the ramp signal
1032 with the reference voltage V'; and by comparing the
voltages V gy and Vo, . More specifically, the PWM signal
generator 1040B controls a status of the PWM signal 1084
according to the comparison between the ramp signal 1032
and the reference voltage V';, and controls a status of the
HDR_EN signal 1082 according to the comparison between
the voltages Vg and Vg, .

In one embodiment, when the PWM signal 1084 is logic
high, the current I, , increases, and the ramp signal 1032
decreases. When the current I, |, increases to a specific level,
e.g., the ramp signal 1032 decreases to the reference voltage
V';, the CMP1 1401 outputs a logic-high signal to reset the
SRFF 1448. Therefore, the SRFF 1448 sets the PWM signal
1084 to logic low to decrease the current I, .. Meanwhile, the
inverting output terminal QB of the SRFF 1448 is logic high
and turns on the switch 1436, and therefore the ramp signal
1032 is controlled to the voltage V5 at the second terminal
1015 of the inductor 1014. In one embodiment, the high-side
switch 1010 has an on-resistance, such that the voltage V-,
is greater than the voltage Vg, if the current I, |, is greater
than a predetermined level, e.g., zero amperes. When the
current I, , decreases the predetermined level, e.g., zero
amperes, the voltage V i, decreases to the voltage V¢, and
therefore the CMP2 1402 sets the HDR_EN signal 1082 to
logic low to turn off the high-side switch 1010. Thus, the
current I, is no greater than the predetermined level, e.g.,
zero amperes. In one embodiment, the CMP3 1403 can set the
PWM signal 1084 to logic high again according to the output
voltage V 5. As a result, the ramp signal 1032 can have a
maximum level that is equal to the voltage V5 and a mini-
mum level that is equal to the reference voltage V';. The
current I; |, can also have a maximum level and a minimum
level, e.g., can be in a predetermined range based on the ramp
signal 1032. The ripple magnitude of the ramp signal 1032
can be equal to a difference between the voltage V, ;s and the
reference voltage V';. The difference V,,,s—V'; can be con-
stant, such that the ripple magnitude of the ramp signal 1032
can be constant. As a result, the ripple magnitude of the
current I, can also be constant.

In the example of FIG. 14, the switching circuit includes
the high-side switch 1010 and the low-side switch 1012.
However, in an alternative embodiment, the high-side switch
1010 can be replaced by a diode, and the CMP2 1402 can be
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omitted. Specifically, the diode includes a cathode coupled to
the high-side terminal 1086 and an anode coupled to the
switching node 1022. Thus, when the low-side switch 1012 is
turned on, the diode is reverse biased. When the low-side
switch 1012 is turned off and the current I, ,, is greater than
zero amperes, the diode is forward biased. When the current
1, decreases to zero amperes, the diode is turned off.

In the example of FIG. 14, means/circuitry for controlling
the voltage V| 5 at the second end 1025 of the resistor 1020
towards the voltage V, , 5 at the second terminal 1015 of the
inductor 1014 includes the offset circuit 1442, the CMP1
1401, the SRFF 1448, and the switch 1436. Specifically, the
CMP1 1401 compares the voltage V ,,,5s with the reference
voltage V', to control the switch 1436 according to the com-
parison. When the voltage V,,5 decreases to the reference
voltage V';, the switch 1436 is turned on so that the voltage
V1025 18 controlled to the voltage V5. Thus, the voltage
V1025 canberanged from V', to V ;5. A preset voltage across
the offset circuit 1442 is Vg, and the reference voltage V',
provided to the CMP1 1401 is equal to the voltage V4,5
minus the preset voltage Vg, e.g., V';=V ,,5-V;. In one
embodiment, the preset voltage V¢ across the offset circuit
1442 is substantially constant. In addition, compared with the
voltage V4,5, the preset voltages Vg, is relatively small and
can be omitted, such that the voltage V, , 5 that is ranged from
V', to V|45 can be considered to be approximately equal to
the voltage V4, 5.

In the example of FIG. 14, the CMP1 1401 controls the
ramp signal 1032 to have a constant ripple magnitude and also
control the voltage V, ,,s towards the voltage V |, 5. However,
in another embodiment, the ramp signal 1032 and the voltage
V1025 can be controlled by different comparators. In one such
embodiment, the range of the ramp signal 1032 can be the
same as or different from the range of the voltage V5. In
one such embodiment, a current-controlled current source,
e.g., the circuit 324 in FIG. 3, can be used to generate a control
current equal to the current through the resistor 1020 to con-
trol the ramp capacitor 1008.

Inone embodiment, by using the CMP3 1403, the G1 1462,
and the SRFF 1448, the average voltage V ;.- of the output
voltage V 5.+ can be adjusted to a target voltage Vo rcrr
Operations of the adjustment process regarding the average
voltage V - of the output voltage V . will be described in
combination with FIG. 15.

FIG. 15 illustrates a timing diagram 1500 of examples of
signals (e.g., the signals 1;,,, V57, 1032, 1460, 1082, and
1084) associated with the DC to DC converter 1000B shown
in FIG. 14. As shown in FIG. 15, the operations of the con-
troller 1002B may include different modes, e.g., a “decreased
D mode”, a “normal D mode”, and a “increased D” mode. In
the normal D mode (e.g., from time t,, to time t,,,, ,), the output
voltage V . decreases to the predetermined level V' 1,z crr
when the current [ | , decreases to a predetermined level I .5
(e.g., at time t,,,,). The average voltage V ;. of the output
voltage V 5. can be equal to the target voltage V .,z In
one embodiment, the predetermined level I.p. is zero
amperes. In the decreased D mode (e.g., from time t,, to time
t,,.4), the output voltage V., is greater than the predeter-
mined level V', » <z Wwhen the current I, decreases to the
predetermined level 1., (e.g., at time t,,,,). The average
voltageV ;. is greater than the target voltage V ., » sz Thus,
the controller 1002B decreases the duty cycle of the PWM
signal 1084 so as to decrease the average voltage V ;... In the
increased D mode (e.g., from time t, to time t, ;), the output
voltage V 5. decreases to the predetermined level V .z crr
(e.g., at time t,,,) before the current I,,, decreases to the
predetermined level I, The average voltage V ;- is less
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than the target voltage V .,z czr Thus, the controller 1002B
increases the duty cycle of the PWM signal 1084 so as to
increase the average voltage V ;.

As shown in the example of FIG. 15, in the normal D mode,
the HDR_EN signal 1082 is in anti-phase with the PWM
signal 1084. For example, the HDR_EN signal 1082 is logic
low when the PWM signal 1084 is logic high, and is logic
high when the PWM signal 1084 is logic low. The PULSE
signal 1460 is in phase with the PWM signal 1084. For
example, the PULSE signal 1460 is logic high when the
PWM signal 1084 is logic high, and is logic low when the
PWM signal 1084 is logic low. The ramp signal 1032
decreases during a TON_BOOST state (e.g., from time t,, to
timet,, ) and is equal to the voltage V,, s during a TOFF_
BOOST state (e.g., from time t,,,; to time t,,,,). The current
1; ;0 has a saw-toothed waveform. The ripple magnitude of the
current I; | , is constant since the ripple magnitude of the ramp
signal 1032 is constant. The output voltage V 5, may fluc-
tuate with respect to the predetermined level V', r o1 but the
average voltage V - of the output voltage V. is equal to
the target voltage V., szr As mentioned above, the prede-
termined level V', -z can be approximately equal to the
target voltage V. orr

More specifically, during a TON_BOOST state (e.g., from
time t, to time t,,, ;) in the normal D mode, the current I,
increases according to equation (23), the ramp signal 1032
decreases as according to equation (26), and the output volt-
age V. decreases. The PWM signal 1084 is logic high.
Since the high-side switch 1010 is off and the low-side switch
1012 is on, the switching node 1022 is grounded. Thus, the
voltage V oy, at the first terminal of the high-side switch 1010
is less than the voltage Vg, at the second terminal of the
high-side switch 1010, and the CMP2 1402 sets the HDR_EN
signal 1082 to logic low. Furthermore, the output voltage
V o718 less than the predetermined level V', z oz ©.8., the
feedback voltage V5 is less than the predetermined voltage
V pres and therefore the CMP3 1403 sets the PULSE signal
1460 to logic high.

When the ramp signal 1032 decreases to the reference
voltage V', (e.g., at time t,,,), the CMP1 1401 outputs a
logic-high signal to reset the SRFF 1448 to output a logic-low
PWM signal 1084. Therefore, the low-side switch 1012 is
turned off. In addition, the inverting output terminal QB of the
SRFF 1448 is set to logic high to turn on the switch 1436. At
time t,,,,, a current loop that includes the inductor 1014, the
resistor 1020, and the switch 1436 is formed. The inductor
1014 releases energy, e.g., by transforming magnetic field
energy into electric energy, through the current loop, and
therefore the voltage V5 is greater than the voltage V.
In one such embodiment, the voltage Vg, (e.g.,
Vewe=Vio015) at time t,,, can be greater than the voltage
Vsur (€8 Vsur=V or), such that the CMP2 1402 sets the
HDR_EN signal 1082 to logic high to turn on the high-side
switch 1010. Accordingly, the DC to DC converter 1000B
enters a TOFF_BOOST state.

During the TOFF_BOOST state (e.g., from time t,,; to
time t,,,,), the high-side switch 1010 is on, and the output
voltage V. is greater than the predetermined level
V' rurcer Therefore, the CMP3 1403 outputs a logic-low
PULSE signal 1460. The current I, ,, flows to the high-side
terminal 1086 via the high-side switch 1010. As the current
1; ;o decreases, a voltage, e.g., Vspz—V sz, across the high-
side switch 1010 decreases. When the current I, , decreases
to zero amperes, the voltage Vg5, decreases to the voltage
V sz Therefore, as shown at time t,,, ,, the CMP2 1402 sets
the HDR_EN signal 1082 to logic low to turn the high-side
switch 1010 off. In addition, in the normal D mode, the output
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voltage V . decreases to the predetermined level V' 1,z crr
when the current I | , decreases to zero amperes. Thus, at time
1,,.,, the CMP3 1403 outputs a logic-high PULSE signal 1460
to setthe PWM signal 1084 to logic high, e.g., via the G1 1462
and the SRFF 1448. Accordingly, the DC to DC converter
1000B can enter a new TON_BOOST state at time t,,, ,.

During a TON_BOOST state (e.g., from time t,, to time
t,,.1) in the decreased D mode, the status of the signals I, ,,
Voo 1032, 1460, 1082, and 1084 can be similar to those
during a TON_BOOST state (e.g., from time t, to timet,,,, ) in
the normal D mode. However, during a TOFF_BOOST state
(e.g., from time t,,,, to time t,,,,) in the decreased D mode,
the output voltage V. is greater than the predetermined
level V', » sz When the current I, |, decreases to the prede-
termined level I, e.g., zero amperes. As such, for example
from time t,, , to time t,,, ;, the CMP3 1403 outputs a logic-
low PULSE signal 1460 to maintain the PWM signal 1084
logic low, e.g., via the G1 1462 and the SRFF 1448. Mean-
while, the HDR_EN signal 1082 is logic low. Thus, the DC to
DC converter 1000B enters a SKIP state (e.g., from timet,,,, ,
totimet,,, ;).

During the SKIP state, the current I, ; , can be zero amperes,
the ramp signal 1032 can remain at the voltage V5, and the
output voltage V. decreases. When the output voltage
V oo decreases to the predetermined level V', p 27 (€.2., at
timet,,, ;), the CMP3 1403 outputs a logic-high PULSE sig-
nal 1460 to setthe PWM signal 1084 to logic high, e.g., viathe
(11462 and the SRFF 1448. As such, the DC to DC converter
1000B enters a new TON_BOOST state at time t,,,5. As a
result, the duty cycle of the PWM signal 1084 can be
decreased in the decreased D mode.

Duringa TON_BOOST state (e.g., from time t to timet,, )
in the increased D mode, the status of the signals I;,,, Vo1
1032, 1460, 1082, and 1084 can be similar to those during a
TON_BOOST state (e.g., from time t, to time t,,,,) in the
normal D mode. However, during a TOFF_BOOST state
(e.g., fromtimet,, , to timet,, ) in the increased D mode, the
output voltage V. decreases to the predetermined level
V' rircer (€.g., at time t,, ) before the current I | , decreases
to the predetermined level I, e.g., zero amperes. As such,
for example at time t,, ,, the CMP3 1403 outputs a logic-high
PULSE signal 1460 to set the PWM signal 1084 to logic high.
In other words, the DC to DC converter 1000B can enter a
new TON_BOOST state before the current I, decreases to
the predetermined level I ., . As a result, the duty cycle of the
PWM signal 1084 can be increased in the increased D mode.

In one embodiment, the operation modes, e.g., the
decreased D mode, the normal D mode, and the increased D
mode, of the controller 1002B are selected automatically
based on the status of the output voltage V . Consequently,
the output voltage V ,,,-can be adjusted to the target voltage
ViurcET

FIG. 16 illustrates a flowchart 1600 of examples of opera-
tions preformed by a controller in a DC to DC converter, in
accordance with one embodiment of the present invention.
FIG. 16 is described in combination with FIG. 10A, FIG.
10B, FIG. 12, and FIG. 14.

In block 1602, the controller 1002, 1002A, or 1002B pro-
vides the control current 1., through the resistor 1020 to
control electric energy stored in the ramp capacitor 1008. In
block 1604, the controller 1002, 1002A, or 1002B adjusts the
voltage V.5 at the second end 1025 of the resistor 1020
towards a voltage V5 at the second terminal 1015 of the
inductor 1014.

In block 1606, the controller 1002, 1002A, or 1002B con-
trols the control current 1., to indicate, e.g., be linearly
proportional to, the voltage across the inductor 1014 based on
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the voltage V4,5 at the second end 1025 of the resistor 1020.
In block 1608, the controller 1002, 1002A, or 1002B gener-
ates the ramp signal 1032 based on the electric energy stored
in the ramp capacitor 1008. In block 1610, the controller
1002, 1002A, or 1002B controls the current I, , through the
inductor 1014 within a predetermined range based on the
ramp signal 1032. In one embodiment, the controller 1002,
1002A, or 1002B controls a ripple magnitude of the current
17,0 to be constant by controlling a ripple magnitude of the
ramp signal 1032 to be constant.

Accordingly, embodiments according to the present inven-
tion provide DC to DC converters, e.g., buck converters,
boost converters, etc., with CRC controllers. The CRC con-
trollers can adjust output voltages of the DC to DC converters
to target levels. In addition, the CRC controllers can control
output currents of the DC to DC converters to have constant
ripple magnitudes by using components or circuitry such as
resistive components, inductive components, capacitive com-
ponents, comparators, etc. Thus, the output voltages and cur-
rents of the DC to DC converters are more stable. The DC to
DC converter can be used in various applications, e.g., power
supply systems for integrated circuits, light emitting diodes,
display system, etc.

While the foregoing description and drawings represent
embodiments of the present invention, it will be understood
that various additions, modifications and substitutions may be
made therein without departing from the spirit and scope of
the principles of the present invention as defined in the
accompanying claims. One skilled in the art will appreciate
that the invention may be used with many modifications of
form, structure, arrangement, proportions, materials, ele-
ments, and components and otherwise, used in the practice of
the invention, which are particularly adapted to specific envi-
ronments and operative requirements without departing from
the principles of the present invention. The presently dis-
closed embodiments are therefore to be considered in all
respects as illustrative and not restrictive, the scope of the
invention being indicated by the appended claims and their
legal equivalents, and not limited to the foregoing description.

What is claimed is:

1. A controller comprising:

a ramp signal generator operable for providing a control
current through a resistive component to control charg-
ing of and discharging of a capacitive component, said
capacitive component operable for generating a ramp
signal based on said charging and said discharging; and

control circuitry coupled to said ramp signal generator and
operable for controlling a voltage across said resistive
component to indicate a voltage across an inductive
component thereby controlling said control current to
indicate said voltage across said inductive component,
and operable for controlling a current through said
inductive component into a first predetermined range by
controlling said ramp signal of said capacitive compo-
nent into a second predetermined range,

wherein said ramp signal generator charges said capacitive
component if said current through said inductive com-
ponent varies from a first level to a second level, and
discharges said capacitive component if said current
through said inductive component varies from said sec-
ond level to said first level, and wherein a ripple magni-
tude of said current through said inductive component is
determined by a difference between said first and second
levels.

2. The controller as claimed in claim 1, wherein a first end

of'said resistive component is electrically connected to a first
terminal of said inductive component, and wherein said con-
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trol circuitry controls an end voltage at a second end of said
resistive component towards a terminal voltage at a second
terminal of said inductive component.

3. The controller as claimed in claim 1, wherein said con-
trol circuitry comprises:

comparator circuitry operable for comparing an end volt-
age at an end of said resistive component with a first
reference voltage and a second reference voltage, and
controlling said end voltage of said resistive component
into a range between said first and second reference
voltages according to the comparison,

wherein said first reference voltage is equal to a terminal
voltage at a terminal of said inductive component plus a
first preset voltage, and said second reference voltage is
equal to said terminal voltage of said inductive compo-
nent minus a second preset voltage.

4. The controller as claimed in claim 1, wherein said con-

trol circuitry comprises:

a comparator operable for comparing an end voltage at an
end of said resistive component with a reference voltage
to control a switch coupled between said end of said
resistive component and a terminal of said inductive
component, and controlling said end voltage of said
resistive component into a range between said reference
voltage and said terminal voltage of said inductive com-
ponent according to the comparison,

wherein said reference voltage is equal to said terminal
voltage of said inductive component minus a preset volt-
age.

5. The controller as claimed in claim 1, wherein said con-
trol circuitry controls said control current to be linearly pro-
portional to said voltage across said inductive component.

6. The controller as claimed in claim 1, wherein said con-
trol circuitry comprises a pulse-width modulation (PWM)
signal generator operable for generating a PWM signal to
control conduction of a high-side path and a low-side path
according to said ramp signal from said capacitive compo-
nent, and wherein said inductive component is coupled to a
switching node between said high-side and low-side paths.

7. The controller as claimed in claim 6, wherein said con-
trol circuitry compares said ramp signal with a reference
voltage to control said PWM signal thereby controlling said
current through said inductive component into said first pre-
determined range.

8. The controller as claimed in claim 1, wherein said con-
trol circuitry controls said ripple magnitude of said current
through said inductive component to be constant by control-
ling a ripple magnitude of said ramp signal to be constant.

9. A method for controlling a current through an inductive
component, said method comprising:

providing a control current through a resistive component
to control charging of and discharging of a capacitive
component;

controlling said control current to indicate a voltage across
said inductive component by controlling a voltage
across said resistive component to indicate said voltage
across said inductive component;

generating a ramp signal, at said capacitive component,
based on said charging and said discharging;

controlling said current through said inductive component
into a predetermined range by controlling said ramp
signal into a second predetermined range;

charging said capacitive component if said current through
said inductive component varies from a first level to a
second level; and
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discharging said capacitive component if said current
through said inductive component varies from said sec-
ond level to said first level,

wherein a ripple magnitude of said current through said

inductive component is determined by a difference
between said first and second levels.

10. The method as claimed in claim 9, wherein said con-
trolling said voltage across said resistive component com-
prises:

controlling an end voltage at a first end of said resistive

component towards a terminal voltage at a first terminal
of said inductive component, wherein a second end of
said resistive component is electrically connected to a
second terminal of said inductive component.

11. The method as claimed in claim 9, wherein said con-
trolling said control current to indicate said voltage across
said inductive component comprises:

controlling said control current to be linearly proportional

to said voltage across said inductive component.

12. The method as claimed in claim 9, wherein said con-
trolling said current through said inductive component into
said first predetermined range comprises:

controlling said ripple magnitude of said current through

said inductive component to be constant by controlling a
ripple magnitude of said ramp signal to be constant.

13. A DC to DC converter comprising:

an inductive component for providing an output voltage of

said DC to DC converter;

a pair of switches coupled to said inductive component;

and

a controller coupled to said inductive component and said

pair of switches, and operable for providing a control
current through a resistive component to control charg-
ing of'and discharging of a capacitive component, oper-
able for generating a ramp signal at said capacitive com-
ponent based on said charging and said discharging,
operable for controlling said control current to indicate a
voltage across said inductive component by controlling
avoltage across said resistive component to indicate said
voltage across said inductive component, operable for
controlling said pair of switches based on said ramp
signal so as to control said output voltage and a current
through said inductive component, and operable for con-
trolling said current through said inductive component
into a first predetermined range by controlling said ramp
signal into a second predetermined range, wherein said
controller charges said capacitive component if said cur-
rent through said inductive component varies from a first
level to a second level, and discharges said capacitive
component if said current through said inductive com-
ponent varies from said second level to said first level,
and wherein a ripple magnitude of said current through
said inductive component is determined by a difference
between said first and second levels.

14. The DC to DC converter as claimed in claim 13,
wherein a first end of said resistive component is electrically
connected to a first terminal of said inductive component, and
wherein said controller controls an end voltage at a second
end of said resistive component towards a terminal voltage at
a second terminal of said inductive component.

15. The DC to DC converter as claimed in claim 13,
wherein said controller controls said control current to be
linearly proportional to said voltage across said inductive
component.

10

15

20

25

30

35

40

45

50

55

60

65

34

16. The DC to DC converter as claimed in claim 13,
wherein said controller comprises a pulse-width modulation
(PWM) signal generator coupled to said pair of switches and
operable for generating a PWM signal to control said pair of
switches.

17. The DC to DC converter as claimed in claim 16,
wherein said controller comprises a comparator operable for
comparing said ramp signal with a reference voltage to con-
trol said PWM signal so as to control said ripple magnitude of
said current through said inductive component.

18. The DC to DC converter as claimed in claim 16,
wherein said controller comprises a comparator operable for
comparing a feedback signal indicative of said output voltage
with a reference voltage to control said PWM signal so as to
control said output voltage.

19. The DC to DC converter as claimed in claim 13,
wherein said controller controls said ripple magnitude of' said
current through said inductive component to be constant by
controlling a ripple magnitude of said ramp signal to be
constant.

20. The controller as claimed in claim 2, wherein said
control circuitry comprises an operational amplifier having a
first input terminal that receives a signal representative of said
terminal voltage of said inductive component and having a
second input terminal that is electrically connected to said
second end of said resistive component.

21. The controller as claimed in claim 1, wherein said
control circuitry comprises comparator circuitry operable for
comparing said ramp signal with a first reference voltage and
with a second reference voltage to control said ramp signal
into said second predetermined range, and wherein said sec-
ond predetermined range is between said first and second
reference voltages.

22. The controller as claimed in claim 1, wherein said
control circuitry comprises comparator circuitry operable for
comparing said ramp signal with a reference voltage to con-
trol a switch coupled between said capacitive component and
a terminal of said inductive component to control said ramp
signal into said second predetermined range, and wherein
said second predetermined range is between said reference
voltage and a terminal voltage at said terminal of said induc-
tive component.

23. A controller comprising:

a ramp signal generator operable for providing a control
current through a resistive component to control charg-
ing of and discharging of a capacitive component, said
capacitive component operable for generating a ramp
signal based on said charging and said discharging; and

control circuitry coupled to said ramp signal generator and
operable for controlling a voltage across said resistive
component to indicate a voltage across an inductive
component thereby controlling said control current to
indicate said voltage across said inductive component,
and operable for controlling a current through said
inductive component into a first predetermined range by
controlling said ramp signal of said capacitive compo-
nent into a second predetermined range, wherein said
control circuitry comprises:
comparator circuitry operable for comparing an end

voltage at an end of said resistive component with a
first reference voltage and a second reference voltage,
and controlling said end voltage of said resistive com-
ponent into a range between said first and second
reference voltages according to the comparison,
wherein said first reference voltage is equal to a ter-
minal voltage at a terminal of said inductive compo-
nent plus a first preset voltage, and said second refer-
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ence voltage is equal to said terminal voltage of said
inductive component minus a second preset voltage.
24. A controller comprising:
a ramp signal generator operable for providing a control

25. A controller comprising:

a ramp signal generator operable for providing a control
current through a resistive component to control charg-
ing of and discharging of a capacitive component, said

current through a resistive component to control charg-
ing of and discharging of a capacitive component, said
capacitive component operable for generating a ramp
signal based on said charging and said discharging; and
control circuitry coupled to said ramp signal generator and

capacitive component operable for generating a ramp
signal based on said charging and said discharging; and

control circuitry coupled to said ramp signal generator and

operable for controlling a voltage across said resistive
component to indicate a voltage across an inductive

operable for controlling a voltage across said resistive 10 . .
component to indicate a voltage across an inductive component thereby controlhng s?ud coptrol current 1o
component thereby controlling said control current to indicate said voltage across said inductive component,
indicate said voltage across said inductive component, gnd operable for coptrolhng a current .through said
and operable for controlling a current through said 1nduct1V.e component 1nt.0 a first pre.:determlpgd range by
inductive component into a first predetermined range by 15 contro lling said ramp signal .Of said capacitive compo-
controlling said ramp signal of said capacitive compo- pent mto a second predetermlped range, . .
nent into a second predetermined range, wherein said wherein a first end of said resistive component 1s clectri-
control circuitry comprises: cally connecteq toa ﬁrst terminal .of s;ud 1nduct1\{e com-
a comparator operable for comparing an end voltage at ponent, wherein .Sald control circuitry COMPIISES an
an end of said resistive component with a reference 20 operational amplifier operable .for cc.)nt.rolhng an end
voltage to control a switch coupled between said end voltage at a se?cond end of said resistive component
of said resistive component and a terminal of said Fowards a terminal voltage at a secgnd te?rmmal Of. said
inductive component, and controlling said end volt- 1nduqt1ve component, angi Whereln. said operat.lonal
age of said resistive component into a range between amphﬁer COMIPrISes a first mput teqmnal that recetves a
said reference voltage and said terminal voltage of o5 signal representative of said terminal voltage of said

said inductive component according to the compari-
son, wherein said reference voltage is equal to said
terminal voltage of said inductive component minus a
preset voltage.

inductive component, and a second input terminal that is
electrically connected to said second end of said resis-
tive component.



